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An Integrated Optimal Design Method 
For Utility Power Distribution Systems 
Ralph E. Fehr, III, P.E. 
 
ABSTRACT 
 
This dissertation presents a comprehensive and integrated design methodology to 
optimize both the electrical and the economic performance of a utility power distribution 
system.  The proposal is structured to facilitate its adoption and incorporation into the 
existing utility infrastructure by allowing the various portions of the new design to be 
implemented gradually into the existing infrastructure without the need to abandon the 
portions of the existing system that are performing satisfactorily. 
 
The topology of the substation plays a vital role in determining both the reliability and 
the economy of the distribution system.  The ring bus topology is offered as the best 
topology design, and its characteristics as seen at the distribution level are examined.   
 
A key concept presented in this dissertation is that the distribution system must be 
optimized as a whole, not subsystem by subsystem.  Optimizing the substation and the 
primary feeder system separately does not assure an optimal system; in fact, independent 
design of the two subsystems is likely to produce a non-optimal system laden with 
operational problems.  An integrated approach is essential to assure optimum 
 ix
performance, and the integration process requires an iterative approach.  This iterative 
approach is presented using an example. 
 
Innovative changes to the protection strategy of the feeder system can greatly enhance the 
reliability of the distribution system.  The use of communication-based overcurrent 
detection is presented.  This transmission-like scheme, when applied at the distribution 
level, improves both the reliability and the economy of the system substantially over 
traditional time-coordinated overcurrent protection philosophies. 
 
An application of these proposed innovations leads to the design of a hypothetical 
system, which is in turn analyzed from both electrical and economic perspectives. 
 1
Introduction 
Since their inception in the late 19th century, power systems have been an instrumental 
component of contemporary life.  It is impossible to imagine modern existence without 
the conveniences afforded by electricity.  In many cases, these conveniences, which our 
ancestors were able to do without, have become necessities for us.  Fields such as health 
care, manufacturing, transportation, and retail sales would be vastly different today 
without that precious commodity we call electricity. 
 
As the uses for electricity became more numerous and diverse, so did the requirements 
placed on the power system by its users.  At the start of the 20th century when electricity 
was used primarily for street lighting and industrial (motor) applications, the purity of the 
sinusoidal voltages provided by the power company was of little concern.  It was simply 
not important, since most of the appliances in use at the time functioned equally as well 
when supplied by high-quality power as they did when fed from a source laden with 
voltage sags and swells, transient perturbations, and large harmonic content. 
 
Development of new electrical appliances forced the power system to evolve.  Parameters 
that were previously of little or no concern became issues of paramount importance.  The 
need to improve steady-state voltage control was among the first of many such 
adaptations required of the power system.  As time went on, the number and complexity 
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of the required adaptations grew, often at an expeditious rate.  Unfortunately, most of the 
changes imposed on the power system were addressed individually.  This approach 
sometimes caused one issue to worsen as another was improved.  More often, it led to a 
solution that was perhaps satisfactory, but seldom optimal. 
 
The power system infrastructure in use today in the United States is primarily the result 
of an architecture developed in the 1940s and 1950s, with an array of modernizations 
sprinkled throughout to address issues raised by the evolution of the uses of electricity 
and to raise efficiencies as much as practically possible (Willis, Welch, and Schreiber 
2001, P. 2).  The resulting system generally meets the major requirements placed upon it, 
but often does so in a suboptimal way.  Increasing the performance of the power delivery 
system, both technically and economically, would provide many benefits both to the 
utility companies who own and operate it and to the customers who rely on it for a broad 
spectrum of uses.  But this increase in performance must be approached in a methodical 
way to yield an optimum result. 
 
The method of approach must be integrated, striving to optimize the power delivery 
system as a whole, not part by part.  If one attempts to optimize the subtransmission 
system, the distribution substations, and the primary feeders separately, the entire system 
will not be optimized; in fact, the entire system may not even function as intended (Willis 
1997, P. 492).  This is because the various components of a power delivery system are 
very interrelated.  The design of the distribution substation influences the design of the 
primary feeders, and vice versa.  Because of these interrelationships, an integrated 
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approach must be taken when attempting to optimize the system as a whole.  This was 
seldom the case in the past.  Usually, individual departments within a utility company 
would work on specific components of the power delivery system with little concern for 
the interrelated components.  This approach led to a suboptimal system, which may have 
been acceptable at one time, but is sometimes not able to meet today’s requirements, and 
will undoubtedly fall short as future demands on the power system continue to grow in 
both number and complexity. 
 
Acknowledging and addressing practical issues is also critical to the success of any 
optimization effort.  Equipment availability, industry standards, and safety codes must be 
considered when proposing any system modifications.  All major changes in layout or 
design of the power delivery system suggested by this or any other research must, in 
order to be seriously considered by the utility industry, be proposed in such a way that the 
changes can be gradually integrated into the existing infrastructure.  This would allow a 
progressive transition from the present power delivery system to the proposed 
methodology.  Without providing for a gradual transition, it is unlikely that any new 
method, regardless of its benefits, would be accepted by the utility industry.  As the 
existing power delivery infrastructure ages and becomes stressed beyond its capabilities, 
the timing for introducing a fresh perspective to deliver electricity to customers may 
never be better. 
 
The proposed infrastructure must also be able to incorporate new technologies and 
methods, which may be available today but are perhaps not yet mature enough for 
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widespread use.  Due to the immense expense and complex logistics involved in 
constructing a utility distribution system, any infrastructure built today will more than 
likely be in use fifty years or more in the future.  We have no idea what technologies will 
be available that far in the future, but our infrastructure must be flexible and adaptable 
enough to be viable that far into the future and beyond. 
 
The distribution substation serves as the source for each distribution feeder.  To assure 
adequate performance of the distribution system, the distribution substation and its 
primary feeder system must be designed to provide the operating characteristics defined 
by the utility customers.  The performance of the entire system should be optimized, and 
enough flexibility should be inherent to the system to allow the future incorporation of 
new technologies and methods.   Two aspects of the substation design will be explored in 
this dissertation: the substation topology and the selection and sizing of the substation 
equipment.  A primary feeder system optimally compatible with the substation design 
will also be developed, such that the substation-feeder combination achieves the greatest 
practical technical and economic performance while allowing flexibility and adaptability 
for the incorporation of future technologies and methods. 
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Distribution Substation Design 
Distribution Substation Topology 
The distribution substation provides the interface between the high-voltage utility 
transmission system and the medium-voltage distribution feeder system.  It typically 
consists of at least one power transformer, high- and medium-voltage bus work, high- 
and medium-voltage protective devices (i.e., circuit breakers), and various auxiliary 
devices to support these major components.  While many distribution substation 
topologies exist, the radial bus configuration, or a variant of it, is the standard topology 
for most distribution substations.  Radial buses have an attractive characteristic: only one 
circuit breaker is required per branch terminated on the bus.  Minimizing the number of 
circuit breakers keeps the construction cost of the substation minimal, as circuit breakers 
tend to be costly components. 
 
Radial buses, although common in distribution substations, are seldom implemented at 
transmission voltages for numerous reasons that adversely impact system reliability (Fehr 
2002, P. 2).  The most obvious system impact is caused by a bus fault.  This scenario 
requires the tripping of every circuit breaker on the radial bus, which results in the de-
energization of the entire bus.  Similarly, the failure of a circuit breaker to trip during a 
line fault (breaker failure) also requires every breaker to trip, thus clearing the entire bus.  
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And, of course, a transformer fault either trips the main breaker, if one is used, or all 
feeder breakers otherwise, thereby de-energizing the entire distribution bus. 
 
 
 
 
 
 
 
a) Bus Fault Clearing 
 
 
 
 
 
 
 
b) Line Fault Clearing with Breaker Failure 
Figure 1 – Radial Bus 
 
Clearing a transmission-voltage bus is unacceptable in virtually all cases because of the 
number of branches that are removed from the network in the process.  Most transmission 
systems are designed for single- or double-contingency operation, meaning that a system 
with n branches must perform within expectations (acceptable voltages and flows) with 
2.  All Breakers Must Trip
To Clear Fault
1.  Bus Fault Occurs
Trip To Clear Fault
3.  All Non-Failed Breakers Must
1.  Line Fault Occurs
2.  Breaker Fails
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n–1 branches in service (single contingency) or with n–2 branches in service (double 
contingency).  Clearing an entire bus removes more than one or two branches from the 
network, thus necessitating more stringent (and less economical) planning criteria. 
 
The need to plan for higher-order contingencies than n–2 can be mitigated by utilizing a 
substation bus topology that is more robust than the radial bus.  Such a topology would 
not require more than one unfaulted branch to be removed from the network during bus 
fault or breaker failure conditions.  Several topologies meet these requirements, but most 
require the use of more than one circuit breaker per branch, such as the breaker-and-a-
half topology, which requires three circuit breakers for each pair of branches.  The 
requirement for additional circuit breakers substantially increases the cost of the 
substation, so minimizing the number of circuit breakers required in a substation is a 
fundamental goal of the substation design engineer.  One topology, however, meets the 
above requirements of not de-energizing more than one unfaulted branch under all 
realistic contingency scenarios while maintaining the economy of one circuit breaker per 
branch like the radial bus.  This topology is the ring bus. 
 
Application of the Ring Bus at Distribution Voltages 
Power system engineers have developed a wide variety of technical arguments over the 
years to justify using the ring bus in transmission substations.  These arguments range 
from increasing reliability to simplifying operation to facilitating maintenance (Fehr 
2004, P. 2).  All of these reasons form a sound rationale for application of the ring bus at 
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transmission voltages.  So why would these same arguments not apply at distribution 
voltages? 
 
The reasons used to justify applying the ring bus in transmission substations provide even 
more benefit when the ring bus is implemented at distribution voltages.  This is because 
when applied on the distribution system, the reliability improvement measure (the ring 
bus) is being implemented at a point in the system closer to the customer than if it were 
applied on the transmission system (Brown 2002, P. 279).  It is the customer who 
perceives power quality issues.  Improving the quality of the system far from the 
customer will not be perceived by the customer to the same degree as a quality 
improvement made closer to the customer.  So, power quality improvements will be more 
pronounced as measures are taken at points of the system closer to the customer.  
Operating flexibility and facilitation of maintenance also become more critical at the 
lower voltages, due to the lack of redundancy on the radial distribution system.  By using 
a ring bus topology in the distribution substation, the network / radial interface is moved 
closer to the customer, thereby improving operating flexibility by keeping a larger 
portion of the power system in a non-radial configuration.  These factors make the 
selection of the radial bus as the de-facto standard for distribution substations quite ironic 
when more robust options such as the ring bus are available at a comparable cost.  This 
irony will be explored in the following sections. 
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Applying the Ring Bus to Increase Reliability 
The term “reliability” can be very confusing and misleading if not adequately defined.  In 
the general sense, the reliability of a power system includes both the availability of the 
energy supply as well as the quality of the power provided by the system (Brown 2002, P. 
46).  Since power quality requirements vary considerably from customer to customer, and 
because utility system components do relatively little to degrade power quality, this 
dissertation will functionally separate system availability from power quality, and will 
refer to the system availability component as “reliability.” 
 
Reliability will be measured in customer outage minutes.  This raw value is perhaps the 
most comprehensive single measurement of reliability for several reasons.  The reliability 
of a power system is a perspective of the customer.  It is the customers’ requirements and 
expectations that must be met for the system to be viewed as “reliable.”  Therefore, it 
follows that reliability measurements should be made from the customers’ viewpoint.  
Attempts to average customer outage minutes over portions of the system tend to dilute 
the magnitude of the outage as perceived by the customer, so raw customer outage 
minutes will be used to quantify reliability in this dissertation. 
 
Most reliability issues originate on the distribution system (Willis 1997, P. 155).  There 
are several reasons for this, including the failure rates of distribution-class equipment 
compared to those of transmission-class equipment, substantially lower basic impulse 
level (BIL) ratings for distribution components than for comparable transmission-class 
components, and circuit exposure (many more circuit-miles of distribution circuits exist 
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compared to transmission, thereby increasing the probability of a distribution outage).  
But perhaps the largest influence to reliability is the fact that the distribution system is 
usually radial whereas the transmission system is not.  The networked nature of the 
transmission system boosts the reliability of that part of the system tremendously.  While 
the distribution system remains mostly radial, use of the ring bus topology in the 
distribution substation moves the network-radial interface one step closer to the customer.  
In a ring bus distribution environment, only the feeders themselves are radial; the 
distribution substations are not. 
 
Consider a four-feeder distribution substation serving a 50 MVA load.  Assuming 
uniform circuit loading, each feeder serves 50 ÷ 4 = 12.5 MVA of load.  If the substation 
is configured as a radial bus, a bus fault, failure of a feeder breaker, or transformer failure 
clears the bus, thereby de-energizing the entire 50 MVA of load. 
 
When the substation is configured in a ring bus topology, no single event can clear the 
entire bus (Gönen 1986, P. 187).  A bus fault would cause either two or three circuit 
breakers to trip, depending on the exact location of the fault.  If only two breakers trip, 
one branch connected to the ring bus would be de-energized.  If that branch is a feeder, 
the load lost is 12.5 MVA.  Tripping three breakers would de-energize two adjacent 
branches on the ring bus.  If both branches were feeders, the load lost would total 25 
MVA.  Even this worst-case scenario keeps 50% of the substation load energized.  This 
improvement in availability over the radial bus where any bus fault de-energizes the 
entire bus is especially significant where either momentary or sustained interruptions are 
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of concern.  And by carefully selecting where on the ring bus various circuits are 
terminated, even more significant improvements in reliability can be realized.  For 
example, a feeder and the backup feeder for that feeder should not be terminated in 
adjacent ring bus positions, so that a single contingency cannot de-energize both. 
 
One of the branches lost when a pair (or three) circuit breakers trip could be a transformer 
that supplies the ring bus.  If that transformer is the only source to the ring bus, all loads 
supplied by the substation would be de-energized, but that contingency can be easily 
remedied. 
 
A second source, which is treated as simply another branch, can be added to the 
distribution ring bus for increased reliability.  With a second transformer, the loss of one 
transformer does not de-energize the bus.  By carefully designing the ring bus, breaker 
failure would never de-energize both sources (the two transformers should not be 
terminated in adjacent ring bus positions). 
 
Use of more than one transformer in a substation is also common with the radial bus 
topology.  Typically, each transformer supplies one radial bus, and the buses are 
connected together with normally-open tie breaker.  When a transformer becomes 
disconnected from the distribution bus, some means of source transfer must be executed.  
This is usually a break-before-make, or dead transfer.  Such a transfer results in a brief 
interruption of service to all feeders on the bus normally served by the failed transformer.  
Although the transfer can be fairly quick (a matter of seconds) and can be automatically 
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implemented, a dead bus transfer can be quite objectionable when high power quality 
expectations exist. 
 
Unlike with the radial bus, a second source supplying a ring bus does not require a tie 
breaker or other additional components – just one more circuit breaker position in the 
ring bus.  Both transformers would be operated in parallel, eliminating the need for a 
source transfer scheme as well as the accompanying momentary interruption.  The 
parallel transformer operation increases fault current on the distribution system.  While 
higher fault current may require higher equipment interrupting ratings, the magnitude of 
fault current can be kept manageable by carefully specifying transformer impedances.  
Higher fault current availability also improves system performance during the starting of 
large motors.  This benefit can be substantial, especially when voltage dip issues are of 
concern, as is the case with many power distribution systems. 
 
When furnished with a second source, especially a source supplied from a transmission 
source independent of the one supplying the first source, the ring bus provides a very 
highly reliable distribution bus.  Total loss of supply to the substation becomes a remote 
possibility when two independent sources are provided.  Since the two transformers 
supplying the ring bus could be paralleled across the transmission system, care must be 
exercised to assure the transformer loadings will be comparable and no excessive flows 
exist through one transformer, a portion of the ring bus, and back to the transmission 
system through the second transformer.  This through-flow scenario would be more likely 
to occur during outages on the transmission system.  Load flow analysis can predict 
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potential operating problems, and those problems can be resolved by judiciously 
specifying the impedances and de-energized tap settings of the transformers.   
 
Providing more than one source to the distribution substation bus is one means of 
substantially increasing the reliability of the substation.  Ring buses with two or more 
sources can be thought of as “power rings”  (Fehr 2004, P. 3). 
 
 
 
 
 
 
 
 
Figure 2 – Power Ring 
 
A power ring provides a reliability level comparable to that of a transmission-voltage 
substation.  As with the transmission substation, loss of the entire bus is an unlikely 
scenario.  Proper equipment sizing will allow operation of the substation with a single 
source.  Outage restoration with a power ring topology is facilitated by the operations 
benefits described in the next section.  The dual combination of higher availability and 
faster restoration in the event of a service interruption makes the power ring topology 
very attractive in applications where high reliability is paramount. 
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A detailed schematic diagram of a six-element power ring is shown in Fig. 3 on page 15.  
The circuits leaving the ring to the left and right, connected to the ring by motor-operated 
line disconnect switches LD1 and LD4, are sources from substation transformers.  
Adjacent to the termination of each of these circuits on the ring are a set of three bus 
potential transformers (PT1 and PT4) for voltage sensing.  Each of the feeder circuits are 
also connected to the ring by motor-operated line disconnect switches (LD2, LD3, LD5, 
and LD6). 
 
The motor operators on the line disconnect switches allow both automatic and remote 
operation of the switches.  Automatic operation of the line disconnect switches is 
necessary for intelligent sectionalizing, the concept around which the feeder system 
protection methodology proposed by this dissertation is centered.  Depending on the 
application, remote operation capability similar to that provided for a transmission-level 
facility by the utility’s System Control and Data Acquisition (SCADA) system may be 
desired to expedite switching and reconfiguration procedures.  Since all line disconnect 
switches are fitted with motor operators, remote operation can be easily implemented.  
All motor-operated disconnects are three-pole devices incapable of interrupting load.  
They can only be opened when no current is flowing through them. 
 
Each circuit breaker in the ring is equipped with current transformers (CTs) on each 
bushing (CT#A and CT#B) for current measurement.  Breaker disconnect switches 
(BD#A and BD#B) are also installed on either side of each breaker to allow isolation of 
the breaker from the bus for maintenance.  These switches are single-pole, hook-stick 
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operated devices incapable of interrupting load.  Since the breaker disconnect switches 
are only opened to perform maintenance on the breakers, there in no need for remote 
operation. 
M
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Figure 3 – Distribution Substation Based on Power Ring Topology 
 
 
Applying the Ring Bus to Simplify Operation 
Due to the operating inflexibility inherent to the radial bus topology, many utilities opt to 
add a transfer bus and additional breakers and/or switches to facilitate operation.  While 
the transfer bus considerably increases the operating flexibility (and the cost) of the radial 
bus topology, it also complicates the operating procedures for the substation 
substantially.  And, unfortunately, while enhancements can be made to the radial bus 
topology to increase operating flexibility, these enhancements do nothing to improve 
reliability. 
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The transfer bus makes it possible to unintentionally parallel two circuit breakers for a 
prolonged period of time.  Paralleling two breakers renders the feeder protection 
ineffective, or at best, unpredictable.  The system should remain in the state where two 
feeder breakers are paralleled only for short periods of time, such as during switching 
procedures.  This practice makes the risks introduced by paralleling circuit breakers 
acceptable by reducing the exposure time of this precarious configuration to a very short 
time (minutes). 
 
The possibility of improper operation and configuration of the transfer bus switches also 
exists.  The switches used in the substation are typically incapable of breaking current.  
They can only be opened when no current is flowing through them.  Attempting to break 
current with a switch not designed to do so can result in the failure of the switch and 
injury to the personnel operating the switch, as the failure of the switch can be quite 
violent.  While procedures can be established to prevent improper operation of switches, 
the possibility always exists for the switches to be used improperly, and the consequences 
of improper operation can be catastrophic. 
 
Technical issues are also created by the incorporation of the transfer bus, such as how to 
modify protection settings when a feeder is supplied from the transfer bus.  Using 
switches to connect a source to the transfer bus requires that the protection for the feeder 
being supplied from the transfer bus be provided by the feeder breaker that energizes the 
transfer bus.  Consider the transfer bus topology shown in Fig. 4. 
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Figure 4 – Transfer Bus Topology Using Switches to Energize Transfer Bus 
 
 
Let us assume the objective of isolating BKR1 for maintenance.  Initially, all transfer bus 
switches (TB#) are open and the transfer bus is de-energized.  Each feeder is supplied by 
its feeder breaker (BKR#) in a radial configuration.  To isolate BKR1, FDR1 must be 
supplied by another source.  Examining the ammeters on feeders 2, 3, and 4 reveals that 
FDR4 has the lowest loading of the three.  If the FDR1 loading plus the FDR4 loading is 
less than the continuous current rating of BKR4, then BKR4 is an acceptable backup 
source for FDR1.  If the combined loading of FDR1 and FDR4 exceed the rating of 
BKR4, then one or both of the feeders must be offloaded by field switching (transferring 
the load served by sections of the feeders to a source other than BKR1 or BKR4 by 
reconfiguring switches on the feeder system). 
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When the combined loading of FDR1 and FDR4 is less than the continuous current rating 
of BKR4, then the switching procedure at the substation may commence.  First, TB4 is 
closed to energize the transfer bus from BKR4.  Then, TB1 is closed, paralleling BKR1 
and BKR4.  This configuration with BKR1 and BKR4 paralleled is the condition 
previously described that must only be maintained for a short time, because of the 
unpredictable behavior of the system protection while the sources are in parallel.  It is a 
necessary configuration, unfortunately, to prevent interruption of service to the load on 
FDR1 during the switching procedure.  As quickly as possible after the closing of TB1, 
BKR1 should be tripped.  This puts the distribution system back into a radial 
configuration with both FDR1 and FDR4 supplied by BKR4.  Now, BD1A and BD1B 
can be opened to isolate BKR1 and complete the switching procedure. 
 
With the increased load on BKR4, changes in the overcurrent relay settings on that 
breaker will probably be necessary.  And, of course, the original BKR4 relay settings 
must be restored when the FDR1 load is transferred back to BKR1 to assure proper 
protection of FDR4.  Modern relays can be programmed with multiple groups of settings, 
which facilitate the changing of the settings.  But older relay technologies may be 
considerably more inconvenient to reset.  The issue of changing relay settings can be 
avoided by using an additional circuit breaker to energize the transfer bus, as shown in 
Fig. 5. 
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Figure 5 – Transfer Bus Topology Using Circuit Breaker to Energize Transfer Bus 
 
In this design, the relay settings on the feeder breakers remain unchanged when the 
transfer bus is in use since TBKR energizes the transfer bus and picks up the load of the 
feeder connected to the transfer bus.  But this design requires an additional circuit breaker 
(TBKR), which is used only when the transfer bus is in use. 
 
All of the above-mentioned operating concerns can be addressed with detailed operating 
procedures and adequate training of operating personnel.  Despite these measures, the 
potential for operator error does exist.  The ring bus topology avoids the issues centered 
around the transfer bus.  The ring bus, though, does present its own set of operating 
issues, such as feeder reclosing procedures and feeder protection strategies.  These issues 
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are arguably less complex than those posed by the transfer bus, and will be addressed 
later in this dissertation. 
 
Applying the Ring Bus to Facilitate Maintenance 
A major benefit realized by applying the ring bus configuration to the distribution system 
is a simplification of the switching process to allow circuit breaker maintenance (Gönen 
1986, P. 187).  The feeder breaker isolation switching procedure described for the 
transfer bus topology in the previous section requires that all of the load served by the 
breaker to be isolated must be transferred to another source.  Even during light load 
periods, transferring the entire feeder load to another source may result in a lengthy and 
complicated switching procedure.  This switching is not necessarily limited to the 
substation.  The need to switch segments of feeders to alternate sources, or field 
switching, is highly probable.  As the load level increases, it may become impossible to 
serve the feeder’s entire load from other sources without violating operating criteria such 
as voltage limits and equipment loading levels. 
 
Installation of a bypass switch around the feeder breaker provides for easy maintenance 
of the breaker, but does so by compromising the protection of the system.  Figure 6 
shows a radial bus with bypass switches installed around each feeder breaker. 
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Figure 6 – Radial Bus with Bypass Switches Around Feeder Breakers 
 
 
Circuit breaker BKR1 can be isolated for maintenance by closing bypass switch BP1, 
then tripping BKR1 and opening breaker disconnects BD1A and BD1B.  But with the 
bypass switch closed, the only protection for FDR1 is the protection on the source to the 
main bus.  This protection will probably be incapable of detecting many feeder faults, 
resulting in faults not being cleared.  If the main bus protection does detect a feeder fault, 
it will clear it by clearing the entire bus.  And if careless switching results in the bypass 
switch remaining closed after BKR1 is returned to service, the system will remain in the 
same state of compromised protection as when BKR1 was out of service.  For these 
reasons, the bypass switch design is undesirable for most applications. 
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If a circuit breaker is used to connect the source to the bus, maintenance of this source 
circuit breaker is even more difficult, as the entire load of the bus must be supplied from 
other sources.  This breaker, like the feeder breakers, could be equipped with a bypass 
switch, but then the protection of the main bus while the main breaker bypass switch is 
closed would rely on the operation of the next upstream breaker, which is probably the 
transformer high-side breaker.  It is unlikely that the overcurrent relay on the transformer 
high-side breaker will be able to detect all faults for which it must operate with the main 
breaker bypass switch closed since the transformer impedance lies between the relay and 
the fault.  This problem can be solved by adding complexity to the protection scheme, but 
this may be an unwise decision. 
 
The complexities described in this section impose major constraints on system 
maintenance.  At best, the constraints mean that circuit breaker maintenance can only be 
done at certain times, possibly at a higher-than-necessary cost due to complicated and 
time-consuming load switching.  At worst, maintenance of critical circuit breakers, 
devices that could require a significant maintenance program because of their 
complicated mechanical nature, may be neglected.  Compromising the integrity of circuit 
breakers will adversely impact both the system reliability and the operating budget. 
 
The ring bus topology allows any circuit breaker, even a source breaker, to be removed 
from service at any time, simply by tripping it and opening its disconnect switches.  This 
is because each branch is served by not one but two circuit breakers under normal 
conditions.  Only one breaker is necessary to keep a branch in service, so the other can be 
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maintained without load switching.  After removal of a circuit breaker from service, the 
ring topology is lost until the circuit breaker is returned to service.  But even in this non-
optimal configuration, the reliability offered by the temporary open-ring bus 
configuration is no less reliable than that provided by the radial bus in its normal 
configuration.  Not only does the elimination of load switching reduce the time and cost 
to switch the circuit breaker out of service for maintenance, but it also reduces the 
probability of switching errors, which could lead to customer outages, equipment 
damage, or personnel injury.  When devices other than circuit breakers must be 
maintained, line disconnect switches allow the ring topology to be restored after a branch 
is removed from service. 
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Primary Feeder Design 
Construction Types 
Two general types of construction can be used for primary feeder construction: 
underground and overhead.  Underground primary feeders are comprised of insulated, 
solid-dielectric cable, either directly buried in the earth or installed in underground 
conduit.  Faults occurring on underground cables are of a permanent nature, since the 
breakdown of the solid-dielectric insulation results in permanent damage to the cable. 
 
The non-existence of temporary faults greatly simplifies the operating methodology of an 
underground distribution system.  When a fault is detected on an underground circuit, the 
circuit breaker supplying the circuit is tripped and locked out – there is no need for 
automatic reclosing, since the fault cannot be of a temporary nature.  Re-energization of 
the circuit cannot occur until the faulted segment of cable is either electrically isolated or 
replaced. 
 
Underground distribution systems are significantly more expensive to construct than 
comparable overhead systems.  The primary cost difference is due to the cost of the solid 
dielectric cable compared to the cost of bare aluminum wire, the most common conductor 
selection for overhead construction.  The cost of construction varies with operating 
voltage and feeder ampacity.  Table 1 compares bare overhead construction with direct-
 25
buried underground construction using typical U.S. construction cost data based on 2005 
industry-average material and construction costs.  Please see Appendix C for calculation 
details, including design criteria and pricing information. 
 
Table 1 – Typical Primary Feeder Construction Costs 
 Ampacity Conductor 15 kV Class 25 kV Class 35 kV Class 
443 266.8 kcmil Laurel $40,026/mi $47,570/mi $55,114/mi 
639 477 kcmil Cosmos $54,540/mi $62,084/mi $69,628/mi 
823 715.5 kcmil Violet $84,224/mi $96,822/mi $109,421/mi 
O
ve
rh
ea
d 
1212 1351.5 kcmil Columbine $143,773/mi $163,915/mi $184,058/mi 
415 350 kcmil Cu $132,578/mi $192,238/mi $298,300/mi 
610 750 kcmil Cu $175,600/mi $254,620/mi $395,100/mi 
830 2 x 350 kcmil Cu $225,383/mi $326,805/mi $507,112/mi 
U
nd
er
gr
ou
nd
 
1220 2 x 750 kcmil Cu $298,520/mi $432,854/mi $671,670/mi 
 
 
Although underground distribution systems are used extensively in particular residential 
and commercial applications throughout the world, most power distribution is 
accomplished using overhead construction.  According to the Edison Electric Institute’s 
UDI database, of the 4,980,066.69 miles of distribution circuits reported by U.S. utilities 
in 2004, 1,137,123.04 miles, or 23%, are underground circuits (EEI, 2004).  Design 
details for overhead distribution lines vary greatly from system to system, influenced 
heavily by geographical factors such as ambient temperature variation, precipitation 
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levels, wind loading, lightning frequency, population density, terrain, and other 
topological features. 
 
For the purposes of analysis, a basic and somewhat generic design is considered.  
Concrete poles supporting bare aluminum conductor on polymer insulators is that basic 
design.  Three commonly-used pole materials are used throughout the utility industry: 
wood, steel, and concrete.  Wood has historically been the material of choice for most 
applications because of its abundance, versatility, and durability.  Its useful life, however, 
can be limited in damp or humid climates.  Wood is also prone to insect and bird damage.  
And the strength of wood may not be adequate for some applications.  As forests become 
depleted, the availability of wood in certain geographical areas is a growing concern. 
 
These concerns led to the use of alternative materials for distribution pole fabrication.  
Steel and concrete are common materials in use today.  Steel is very strong and relatively 
lightweight, but quite expensive compared to the alternatives.  Steel is also subject to 
corrosion.  Painting and galvanizing retard the onset of corrosion, but these measures 
seldom prevent corrosion from occurring at some point in time. 
 
Prestressed concrete is an outstanding structural material, both physically and 
economically.  It can be fabricated with ease and at a fairly low cost.  It is durable in 
virtually all environments.  One of its few drawbacks is weight.  Larger poles can become 
very heavy, complicating transportation and erection.  Fortunately, most distribution 
applications involve poles sufficiently small such that weight is not a major concern.  The 
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manufacturing facility for the poles needs to be in relatively close proximity to the 
installation location to keep transportation costs reasonable. 
 
Polymer insulators have been in use by utilities since the 1970s (Brewer 1994, P. 1).  
Prior to that, glass and porcelain were the materials of choice for insulators.  Glass and 
porcelain have excellent dielectric properties, but they have a low strength-to-weight ratio 
and are brittle.  The polymer insulator is a fiberglass rod covered with an elastomeric 
coating such as ethylene propylene monomer (FPM), ethylene propylene diene monomer 
(EPDM), and silicone rubber.  FPM and EPDM are resistant to erosion and tracking, 
while silicone rubber has excellent resistance to ultraviolet degradation.  Over the years, 
silicone has been alloyed with ethylene propylene rubber to produce an elastomeric 
coating material with outstanding electrical and physical properties.  It is this generation 
of polymer insulator in widespread use today. 
 
Polymer offers a weight reduction of close to 75% for 15kV distribution-class insulators 
over porcelain (Bernstorf 1992, P. 2).  This advantage alone translates to significant cost 
savings when polymer insulators are used.  The durability of the polymer design results 
in fewer insulator replacements – an expensive maintenance function on overhead 
distribution systems. 
 
Conductor Selection 
Three different types of conductor can be used on an overhead distribution system: bare 
aluminum wire, partially-insulated overhead cable, and fully-insulated spaced aerial 
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cable.  Bare wire is widely used throughout most of the world.  In areas where contact 
with conductors by trees or wildlife is of high concern, the consequent line-to-ground 
faults can be greatly reduced or even eliminated by covering the aluminum conductor 
with an insulation system.  This substantially increases the cost, weight, and diameter of 
the cable.  The increase in weight and diameter has a substantial impact on structure cost 
and span length.  The benefit of using insulated cable is a significant decrease in 
temporary faults on the system.  This not only improves reliability, but also lengthens 
equipment life, as the devices on the system are subjected to fewer through faults. 
 
Field experience of a major Asian utility indicates operational problems associated with 
partially-insulated cable applied at 33kV (PEA 2002).  These problems center about 
dielectric breakdown due to partial discharge.  At 22kV, these problems still exist, but are 
far less prevalent.  At both voltages, fully-insulated spaced aerial cable showed 
significantly better performance than partially-insulated cable. 
 
Although spaced-aerial cable shows significantly improved performance over bare 
aluminum wire for distribution primary construction at both 22kV and 33kV on a large 
and diverse distribution system in Asia, the construction costs are difficult to justify for 
applications where reliability requirements are not extremely high (PEA 2003).  For the 
purposes of analysis, bare aluminum wire – the most common overhead distribution 
primary conductor type by far in the United States today – will be considered.  Spaced 
aerial cable, however, should be considered for applications where frequent interruptions 
due to temporary faults are unacceptable. 
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Many varieties of bare aluminum conductor have been developed.  The use of aluminum 
alloys and steel reinforcing are two common methods of improving the conductor’s 
performance.  While these performance improvements, such as increased tensile strength 
and capability of achieving higher operating temperatures, can be significant for 
transmission applications, the lower stringing tensions and shorter span lengths used in 
distribution applications diminishes the benefit of these improvements.  Because of this 
and in the interest of economy, standard bare all-aluminum conductor (AAC) will be 
considered for the purposes of analysis. 
 
Many standard sizes of AAC are commercially available.  A family of commonly-used 
American wire sizes has been defined as a standard selection set in this dissertation.  The 
sizes were selected to provide a range of ampacities from approximately 450 amperes 
(37.5% of typical circuit breaker rating) through 1200 amperes (100% of typical circuit 
breaker rating), in increments of approximately 70 amperes.  The selection set of 
conductors is shown below in Table 2. 
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Table 2 – AAC Conductor Data for Chosen Selection Set 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* Conductor temperature 75ºC, ambient temperature 25ºC, emissivity 0.5, wind 2 ft./sec. in sun. 
 
 
Equipment Selection 
A fundamental decision that must be made prior to specifying the major equipment 
components for a distribution system is that of operating voltage.  Although many 
operating voltages are used on utility distribution systems worldwide, only three voltage 
classes of outdoor power distribution equipment are available:  15 kV, 25 kV, and 35 kV.  
Some manufacturers also provide 5 kV equipment, but this voltage class is not considered 
as a viable choice for utility power distribution due to its very short feeder reach.  
Usually, for a given operating voltage, the equipment voltage class is selected as the 
lowest voltage that is greater than or equal to the operating voltage.  Exceptions to this 
rule are made when extra insulation strength is desired for proper insulation coordination.  
In these cases, the next higher equipment rating may be used.  
 
Size 
(kcmil) Codeword Ampacity* 
266.8 Laurel 443 
336.4 Tulip 513 
397.5 Canna 570 
477 Cosmos 639 
556.5 Mistletoe 704 
636 Orchid 765 
715.5 Violet 823 
795 Arbutus 878 
900 Cockscomb 948 
1033.5 Larkspur 1031 
1192.5 Hawthorn 1124 
1351.5 Columbine 1212 
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Any devices used on the power system that provide insulation to ground carry a voltage 
rating.  These devices include transformers, circuit breakers, insulators, arresters, 
insulated cable, reclosers, sectionalizers, and fuses.  Substation buswork and bare 
overhead conductor have no voltage rating, but their physical means of support, the 
insulators, do.  Phase-to-phase clearance of uninsulated conductors does depend on 
operating voltage, and is stipulated by the National Electrical Safety Code (IEEE C2-
2002). 
 
Communication-Based Overcurrent Detection 
Typical distribution system protection consists of overcurrent-type protective devices 
placed in series at various points along the feeder.  At the substation, instantaneous and 
time-delayed overcurrent relays combined with the feeder circuit breaker form the first 
protective tier.  At particular points along the feeder, other protective devices such as 
reclosers, sectionalizers, and fuses are installed to minimize the amount of circuit that 
must be de-energized in the event of a fault.  Since all of the protective devices on the 
feeder sense the fault as soon as it occurs, time delays must be used to coordinate the 
times at which the devices operate.  This is done using different time-current 
characteristics (TCCs) for the various devices, then assuring proper coordination by 
graphing the TCCs between the minimum anticipated fault current magnitude and the 
maximum fault current for the feeder and verifying that the appropriate device operates 
first for all realistic fault scenarios. 
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This general principle has been in widespread use for many decades.  Its advantages 
include simplicity and the fact that each protective device is independent of the others.  A 
specific device operates at a particular time based on the current magnitude sensed by the 
device.  It is up to the engineer to make sure that the operating time is such to achieve 
proper coordination. 
 
There are disadvantages to the time-coordinated overcurrent protection method.  To 
achieve coordination, time delays must sometimes be built into the protection scheme.  
Referencing the time-current characteristic shown in Fig. 7, the pickup time for a time 
overcurrent relay may have to be delayed to 2 seconds for a current magnitude of 10 
times the pickup current (time dial 5) to coordinate with downstream devices.  The relay 
could operate in as little as just over a half second for the same current magnitude if 
configured with a time dial setting of 1. 
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Figure 7 – Typical Time-Current Characteristic 
 
Slow fault clearing is a well-understood problem on transmission systems.  With longer 
fault durations come reduced transient stability and increased equipment damage 
resulting from the fault current.  Stability is not an issue at the distribution level, but 
equipment damage, particularly to transformers as a result of the through-fault current, is.   
Maintaining motor load becomes problematic as the fault duration on the distribution 
system increases.  The motor contactors drop out when the system voltage falls below a 
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threshold defined by the design of the contactor.  This explains why a motor may shut 
down when the facility where the motor is located does not experience an interruption in 
power.  If a fault on an adjacent feeder depresses the voltage low enough and long 
enough, the contactor will drop out.  The ITI curve shown in Fig. 8 provides a guideline 
as to the acceptable magnitude and duration of voltage excursions (CBEMA 2000).   
0.0
01
c
0.1
c
10
c
10
0c
10
00
c
10
,00
0c
1 m
s
0.0
1 c 3 m
s
20
 m
s
0.5
 s
10
 s
No Damage Region
Prohibited Region
500
400
300
200
100
120
140
80
70
No Interruption Region
1c
Pe
rc
en
t o
f N
om
in
al
 V
ol
ta
ge
Duration in 60-Hertz Cycles or Seconds
90
110
Pe
rc
en
t o
f N
om
in
al
 V
ol
ta
ge
 
Figure 8 – ITI Curve (Revised 2000), Published by the Information Technology Industry Council 
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The dropping out of motors frequently causes a process shutdown, requiring an expensive 
and time-consuming restart.  In many industries, frequent restarts are unacceptable. 
 
The disadvantages associated with time-coordinated overcurrent protection could be 
overcome if the protective devices had the ability to communicate with each other.  
Utilizing blocking or permissive indication from other devices, robust, flexible, and 
reliable protection schemes can be developed.  These schemes are similar to those used 
on transmission systems for many years.  The same basic rationale will be used to justify 
the use of “transmission-type” protection schemes on the distribution system as was used 
previously in this dissertation to advocate the use of “transmission-type” substation 
topologies (i.e., the ring bus) at the distribution level: if the method improves the 
performance of the transmission system, shouldn’t it also be considered at the distribution 
level, where benefits such as enhanced reliability would be even greater (Fehr 2004, P. 
4)? 
 
The optimum communication-based protection scheme for a specific application depends 
heavily on the type of communication system used.  Of the many types of communication 
systems commercially available for and in use on utility power systems, direct fiber-optic 
channels have many benefits and few drawbacks (Moxley and Fodero, P. 21).  Channel 
unavailability tends to be very low on direct fiber-optic channels, and the durations of 
channel failures when they occur is very short (in the milliseconds) (Moxley and Fodero, 
P. 23).  The probability of channel failure during an electrical fault is low, and the ability 
to endure environmental elements is exceeded only by spread spectrum or licensed radio 
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communication (Moxley and Fodero, P. 23).  The terminal cost is low, but the cost to 
establish the channel is high.  With this high cost comes the ability to support very high 
data rates (in excess of 4 Gbps), and very high communication speeds (less than 0.1 ms).  
These characteristics suggest sharing the unused fibers with a non-electrical utility 
application such as digital telephone or Internet communication to defray the high 
installation cost. 
 
The characteristics of direct fiber-optic channels are very compatible with a blocking-
type protection scheme (Schweitzer, Behrendt, and Lee, 1998, P. 4).  In this type of 
protection system, an interrupting device that senses a fault outside (further downstream) 
its zone of protection will receive a blocking signal from the device that will clear the 
fault.  If the blocking signal is not received, as would be the case if the communication 
channel fails, the result is overtripping, since the upstream device that senses the fault 
would trip in addition to the device closer to the fault.  While not desirable, overtripping 
is preferable to failure to trip. 
 
A basic form of communication-based overcurrent protection utilizing blocking signals is 
explained as follows.  Consider the feeder diagram shown in Fig. 9. 
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Figure 9 – Feeder Configured for Communication-Based Overcurrent Protection 
 
The feeder configuration shown in Fig. 9 is typical of many existing feeder 
configurations with a few subtle differences.  The source for the feeder is a power ring 
instead of a typical radial bus.  The two segments are separated by an electronic recloser 
capable of communicating with other devices.  Typically, this sectionalizing device 
would be a recloser without communication capability.  At the end of the feeder is 
another electronic recloser, configured normally-open, instead of a manually-operated 
normally-open switch.  Additional sectionalizing reclosers could be used.  The optimum 
number and location of sectionalizing reclosers will be analyzed later in this dissertation.  
A two-segment feeder will be used to explain the concepts of communication-based 
overcurrent detection. 
 
The feeder shown in Fig. 9 will now be analyzed being protected using communication-
based overcurrent detection.  The key to this protection method is to make all protective 
devices on the feeder aware of the conditions sensed by the other protective devices on 
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the feeder.  This communication allows sophisticated logic to be performed, allowing the 
fault to be cleared in the most appropriate manner, depending on its location (segment 
number) and nature (temporary or permanent).  Four scenarios will be analyzed: a 
temporary (self-clearing) fault in each of the two segments, and a permanent fault in each 
of the two segments.  Appendix E details the logic used to implement communication-
based overcurrent detection. 
 
Temporary Fault on Segment 1 
When a fault occurs on Segment 1, only the relays on the power ring breakers sense the 
fault current, since the fault occurs upstream of the sectionalizing recloser.  When those 
relays sense a current magnitude in excess of their pickup setting (fault current) and no 
block signal is received from the sectionalizing recloser separating segments 1 and 2, the 
power ring breakers trip.  This action clears the fault and de-energized the entire feeder.  
After the power ring breakers are open, a trip signal is sent to the sectionalizing recloser.  
Opening the sectionalizing recloser becomes significant when attempting to reclose the 
power ring breakers. 
 
When the fault is cleared and the entire length of the feeder is de-energized, a reclose 
attempt will be made.  One of the power ring breakers will reclose, energizing Segment 1 
of the feeder.  Note that Segment 2 remains de-energized, since the sectionalizing 
recloser is open.  This is to prevent a momentary interruption to Segment 2 in the event of 
a failed reclose attempt.  Only one power ring breaker needs to be reclosed to ascertain 
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whether the fault is still on the feeder.  For consistency, the reclosing breaker will be 
designated as the breaker adjacent to the faulted feeder in the counterclockwise position 
when the power ring is viewed from above. 
 
If the reclose is successful, service is restored to the load on Segment 1, but Segment 2 is 
still de-energized because of the open sectionalizing recloser.  After the reclosing breaker 
on the power ring remains closed for short predetermined period of time, the second 
power ring breaker and the sectionalizing recloser is automatically closed, restoring 
service to all load and restoring the system to its normal configuration. 
 
But if the reclose fails, the reclosing power ring breaker trips again, blinking the lights of 
the customers served from Segment 1.  The customers on Segment 2 remain de-energized 
during the failed reclose attempt.  At this point, a time delay of 10 to 30 seconds can be 
executed, allowing more time for the fault to clear itself from the feeder.  Then, another 
attempt can be made to reclose the power ring reclosing breaker.  If this second reclose 
attempt succeeds, the restoration procedure detailed in the preceding paragraph can be 
executed.  If the second reclose attempt fails, the fault must be assumed to be permanent, 
so the procedure detailed in the Permanent Fault on Segment 1 section is followed. 
 
Temporary Fault on Segment 2 
When a fault occurs on Segment 2, both the relays on the power ring breakers and the 
sectionalizing recloser sense the fault current.  Instead of relying on time-based 
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coordination to assure that the recloser trips before the power ring breakers, a block 
signal is sent to the relays on the power ring by the sectionalizing recloser.  This will 
allow the fault to be cleared by the recloser instead of by the power ring breakers.  
Several benefits result from clearing a Segment 2 fault with the sectionalizing recloser 
instead of with the power ring breakers. 
 
Although customers supplied from Segment 1 will still experience the voltage dip caused 
by the fault on Segment 2, they will not experience a total interruption of service.  This 
benefit increases the reliability of the feeder by reducing the number of customers 
exposed to the outage.  Improvements in power quality are also more easily obtained 
when a dip in voltage is the issue to be addressed as opposed to an interruption in service.  
From an equipment maintenance perspective, it is more desirable to have one recloser 
operate to clear a fault than two circuit breakers to reduce incremental maintenance 
requirements. 
 
After the fault current is interrupted, a reclose attempt may be made.  If reclosing the 
sectionalizing recloser succeeds, all load is supplied and the system is back in its normal 
configuration.  But if the reclose attempt fails, another reclose attempt may be made after 
a predetermined time delay.  Failure of this second attempt may be interpreted as the fault 
being permanent, in which case, the procedure detailed in the Permanent Fault on 
Segment 2 section would be followed. 
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Permanent Fault on Segment 1 
When the fault on Segment 1 is determined to be permanent, the motor-operated feeder 
disconnect switch is automatically opened, and the power ring breakers are closed to 
restore the integrity of the ring bus.  Finally, the normally-open recloser at the end of the 
feeder is closed, which energizes the Segment 2 load from the backup source. 
 
Permanent Fault on Segment 2 
When the fault on Segment 2 is determined to be permanent, the sectionalizing recloser is 
locked out, and Segment 2 remains de-energized until the cause of the fault can be found 
and removed from the system. 
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The Optimization Process 
Assumptions 
The sizing of the components in a power distribution system is a very complex and 
highly constrained problem primarily driven by the design of the feeder system.  The 
design of the feeder system is also constrained by practical considerations, and is heavily 
dependent on the nature of the service area for that feeder, such as the amount of load 
(kVA), its classification (residential, commercial, industrial), its load factor, its power 
factor, and many other technical characteristics (Willis, 1997, P. 285). 
 
A fundamental decision that must be made early in the design process is the type and 
number of feeders to be supplied by each substation.  This dissertation will assume that 
all feeders exiting the substation will be of overhead construction, exiting the substation 
via underground feeder getaways comprised of insulated cable in conduit.  These 
underground cables will be transitioned to overhead circuits using riser poles located as 
close to the substation as practical.  A typical riser pole arrangement is shown in Fig. 10. 
 
The underground getaways alleviate safety issues and overhead clearance concerns 
caused by overhead distribution circuits within the substation.  While the distribution 
circuits leaving the substation could continue as underground feeders, the underground 
getaway / overhead feeder configuration is the more general case to analyze, and is in 
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widespread use by American utilities at this time.  Proposing a feeder construction similar 
to that which is already in use by most utilities will facilitate the adoption by utilities of 
the innovations proposed in this dissertation. 
 
Cable Terminations
Neutral Conductor
Conduit
Riser Pole
Overhead Phase Conductors
Solid-Blade Disconnect Switch
Deadend Insulator
Lightning Arrester
Lightning Arrester
Guy Wires
 
Figure 10 – Typical Riser Pole 
 
The overhead conductor can be of three types: bare wire, partially-insulated cable, or 
fully-insulated spaced-aerial cable.  The conductor type selection has major impacts on 
both the construction cost and the reliability of the feeder.  The initial assessment will be 
done for bare wire, as this is the conductor type predominantly used by U.S. utilities 
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today.  A differential analysis can be performed to determine the effects on reliability and 
cost of changing to partially- or fully-insulated cable. 
 
Addressing the number of feeders to be supplied by each substation, a pragmatic 
approach will be taken.  The logistics of exiting a feeder from a substation can be quite 
complicated.  The vicinity just outside the substation becomes very congested with riser 
poles and overhead circuits as the number of circuits leaving the substation increases.  
This congestion is not only a design complication, but can pose safety and aesthetic 
concerns.  The safety concerns involve utility workers having to maintain circuits having 
minimal safety clearances.  These concerns must be considered as urgent issues and need 
to be eliminated if at all possible to protect the people working on the system.  Aesthetics, 
while usually not of primary engineering concern, also need to be acknowledged as 
pressures from the public to improve the appearance of power system infrastructure 
increase. 
 
Another practical consideration involves the routing of the feeders.  In developed areas, 
feeder construction is usually limited to street rights-of-way.  Since roads are typically 
built in a rectangular grid configuration, four feeder routes utilizing the street rights-of-
way can be defined for each substation.  For simplicity, the four routes can be considered 
as north, south, east, and west. 
 
Double-circuiting distribution feeders along these four routes may be attractive from a 
circuit routing viewpoint to enable more feeders to be exited from the substation, but this 
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practice can have very detrimental effects on reliability.  Losing a single structure of a 
double-circuit line will result in the outage of both circuits.  It should be remembered that 
distribution circuits, because of their relative size and lesser design requirements, are 
much more susceptible to failure than transmission structures.  An automobile collision 
will frequently bring down a distribution pole, but seldom seriously damages a 
transmission structure.  This makes the double-circuiting of distribution circuits quite 
undesirable from a reliability standpoint.  To avoid double-circuiting and to facilitate 
circuit routing out of the substation, a total of four distribution feeders will be considered 
for each substation.  This assumption allows single feeders to be constructed in each of 
the routes named by the four compass directions, providing a robust infrastructure while 
maintaining a clean and simple routing and configuration. 
 
Knowing the total number of feeders leaving the substation, the next decision to make is 
the ampacity requirement of each feeder.  The required ampacity of a feeder is a function 
of the service area of the feeder, but the service area of the feeder depends on the feeder’s 
ampacity.  This circular process requires a somewhat iterative approach to solve. 
 
Methodology 
The optimization method consists of two stages which are performed sequentially.  The 
first is an electrical assessment of the proposed configuration.  That is followed by an 
economic assessment of the design.  Before the electrical assessment can be done, some 
preliminary steps must be taken.  The first preliminary step is the determination of the 
ampacity required for the feeder. 
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A good starting point for determining feeder ampacity is to determine the average load 
density in kVA/mi2 for the feeder’s service territory.  The load density for an existing 
area is readily available from historical metering data, but it is wise to adjust this known 
value for anticipated future changes in the load – say over a 5-7 year horizon.  Let this 
adjusted average load density be a constant value throughout the entire feeder service 
area for illustrative purposes.  In practice, non-uniform load densities and spot loads 
could be incorporated, but these considerations tend to complicate the process, and will 
be avoided in this example. 
 
Assuming a realistic power factor (0.90) and that 1.0 per-unit voltage will be available at 
all points along the feeder (most likely inaccurate assumptions, but acceptable for a 
starting point of an iterative process), the kVA load that can be served by a feeder equals 
the product of the nominal voltage in kV, the rated current of the feeder conductor, and 
the square root of three, or 
3)I()kV(kVA ratedalminnofeeder =  Eq. 1 
 
 
 
 
 
 
 
Figure 11 – Feeder Service Area 
l
2l
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Referring to Fig. 11, the gray shaded triangle represents the service area for the feeder 
exiting the substation in the center of the figure and heading toward the right.  The 
service area can be calculated as ½ (2l) (l) = l 2.  The load in the service area is l2d, where 
d is the average load density in kVA / mi2.   
 
Setting that load equal to the load able to be served by the feeder based on conductor 
rating from Eq. 1 gives 
32 )I()kV(dl ratednominal= .  Eq. 2 
 
 
From Eq. 2, feeder length l can be obtained as 
 
 
d
)I()kV(
l ratednominal
3= . Eq. 3 
 
 
Since this initial value for optimal feeder length is a function of the conductor current 
rating, it will be different for each size conductor.  It will also vary inversely with the 
square root of the load density d.  For illustrative purposes, an average load density of 
1500 kVA/mi2 is used.  Applying the feeder length estimate shown in Eq. 3 over the 
selection set of conductors from Table 2, considering several commonly used distribution 
voltages, an initial approximation of optimum feeder length can be determined.  This 
length will be called the maximum service length of the feeder at the assumed load 
density.  Any feeder length in excess of the maximum service length will result in a 
thermal overload of the conductor.  The results are summarized in Table 3. 
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Table 3 – Maximum Service Length Calculation – 1,500 kVA / sq. mi. Load Density 
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2 kcmil codeword     Maximum Service Length (miles) 
3 266.8 Laurel 444 0.4187 2.5 2.6 2.7 2.7 3.4 3.6 4.2 
4 336.4 Tulip 513 0.3326 2.7 2.8 2.9 2.9 3.6 3.8 4.5 
5 397.5 Canna 570 0.2820 2.9 2.9 3.0 3.1 3.8 4.0 4.8 
6 477.0 Cosmos 639 0.2350 3.0 3.1 3.2 3.3 4.0 4.3 5.0 
7 556.5 Mistletoe 704 0.2017 3.2 3.3 3.3 3.4 4.2 4.5 5.3 
8 636.0 Orchid 765 0.1769 3.3 3.4 3.5 3.6 4.4 4.7 5.5 
9 715.5 Violet 823 0.1579 3.4 3.5 3.6 3.7 4.6 4.9 5.7 
10 795.0 Arbutus 878 0.1426 3.6 3.7 3.7 3.8 4.7 5.0 5.9 
11 900.0 Cockscomb 948 0.1262 3.7 3.8 3.9 4.0 4.9 5.2 6.1 
12 1033.5 Larkspur 1032 0.1109 3.9 4.0 4.1 4.1 5.1 5.4 6.4 
13 1192.5 Hawthorn 1124 0.0966 4.0 4.1 4.2 4.3 5.3 5.7 6.7 
14 1351.5 Columbine 1212 0.0861 4.2 4.3 4.4 4.5 5.5 5.9 6.9 
15            
16   
Load 
Density: 
    
1,500  kVA per square mile 
17    kV>>> 12.5 13.2 13.8 14.4 22 24.9 34.5 
 
 
Table 3 can be implemented as an electronic spreadsheet to facilitate the computation of 
the maximum feeder service length.  Row numbers and column letters are shown in Table 
3 for reference.  The data in columns C and D were reproduced from the Full-Line 
Product Catalog by Southwire Company (Southwire, 2003, P. 11-2).  The maximum 
service length calculation as implemented in cell E3 is shown below. 
 
=SQRT(E$17*$C3*SQRT(3)/$D$16) Eq. 4 
 
The load density in cell D16 can be varied to observe the effect of the load density of the 
maximum feeder service length.   
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In an attempt to achieve an optimum design, the highest operating voltage allowable for 
each equipment class will be considered.  The 15 kV equipment class will be operated at 
14.4 kV, the 25 kV class will be operated at 24.9 kV, and the 35 kV class will be 
operated at 34.5 kV.  Other common operating voltages are shown in Table 3 because 
utilities with these operating voltages already installed may choose to keep their 
distribution systems operating at their present voltages to avoid the expense and 
complication of replacing every service transformer on the system.  Use of these other 
voltages may be slightly less than optimal, but they represent a practical optimum. 
 
The maximum feeder service length allows no contingency backup capacity.  This 
limitation renders a feeder incapable of serving any load other than its own at the time of 
peak loading.  While it can be argued that the annual peak loading of a feeder lasts a 
relatively short time, typical load duration curves show that feeder loadings can remain 
close to their peak values for hundreds of hours per year.  Due to these high exposure 
periods of not being able to serve load from adjacent feeders, some contingency capacity 
must be allowed.  The amount of contingency capacity to be allowed is a topic of 
considerable interest, since reserving contingency capacity represents a stranded financial 
cost, but also allows more versatile operation of the system.  The largest amount of 
contingency capacity that would ever need to be reserved is 50% (Gönen 1986, P. 235).  
At a 50% contingency capacity reserve, any feeder would be able to backup another 
entire feeder at any loading level without thermal overload.  While this 50% capacity 
reserve is very conservative, it will be assumed in this analysis.  Reducing the 
contingency capacity reserve below 50% increases the amount of time every year to a 
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value greater than zero that another feeder cannot be backed by the feeder under 
consideration without thermally overloading that feeder. 
 
To reserve 50% contingency capacity for a feeder, its length must be limited to 70.7% of 
its maximum service length.  This value will be called the effective service length of the 
feeder.  If c denotes the desired contingency capacity in percent, the effective service 
length esl is related to the maximum service length msl as shown below. 
mslcesl
100
100 −= . Eq. 5 
Table 3 is modified below to show the esl for 50% contingency capacity. 
 
Table 4 – Effective Service Length Calculation – 50% contingency capacity and 1,500 kVA / sq. mi. Load 
Density 
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2 kcmil codeword     Effective Service Length (miles) for 50% Contingency Capacity 
3 266.8 Laurel 444 0.4187 1.77 1.84 1.91 1.91 2.40 2.55 2.97 
4 336.4 Tulip 513 0.3326 1.91 1.98 2.05 2.05 2.55 2.69 3.18 
5 397.5 Canna 570 0.2820 2.05 2.05 2.12 2.19 2.69 2.83 3.39 
6 477.0 Cosmos 639 0.2350 2.12 2.19 2.26 2.33 2.83 3.04 3.54 
7 556.5 Mistletoe 704 0.2017 2.26 2.33 2.33 2.40 2.97 3.18 3.75 
8 636.0 Orchid 765 0.1769 2.33 2.40 2.47 2.55 3.11 3.32 3.89 
9 715.5 Violet 823 0.1579 2.40 2.47 2.55 2.62 3.25 3.46 4.03 
10 795.0 Arbutus 878 0.1426 2.55 2.62 2.62 2.69 3.32 3.53 4.17 
11 900.0 Cockscomb 948 0.1262 2.62 2.69 2.76 2.83 3.46 3.68 4.31 
12 1033.5 Larkspur 1032 0.1109 2.76 2.83 2.90 2.90 3.61 3.82 4.53 
13 1192.5 Hawthorn 1124 0.0966 2.83 2.90 2.97 3.04 3.75 4.03 4.74 
14 1351.5 Columbine 1212 0.0861 2.97 3.04 3.11 3.18 3.89 4.17 4.88 
15            
16   
Load 
Density: 
    
1,500  kVA per square mile 
17    kV>>> 12.5 13.2 13.8 14.4 22 24.9 34.5 
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Electrical Assessment 
When the effective service length is known for each conductor size and operating 
voltage, the electrical assessment process can begin.  The feeder load needs to be 
determined based on the effective service length.  This is done by multiplying the load 
density in kVA/mi2 by the effective service length, in miles, squared, as shown below. 
 
2esldensityloadloadfeeder ×=  Eq. 6 
 
Next, a load flow model is used to determine the electrical performance of the feeder.  A 
model was constructed using Version 8 of the PowerWorld Simulator (PowerWorld 
2001), and is shown in Appendix A.  The model consists of a representation of the main 
feeder, with the total feeder load lumped into ten equally-spaced nodes along the feeder.  
A single sectionalizing recloser is also modeled at the midpoint of the feeder.  The main 
feeder terminates at a normally-open tie recloser, which backs up to a feeder identical to 
the main feeder.  A generator and swing bus with a scheduled voltage of 1.05 per-unit 
supplies the main feeder.  A similar generator and swing bus arrangement supplies the 
backup feeder.  A shunt capacitor bank is modeled at the first node downstream from the 
sectionalizing recloser on each feeder for control of the voltage profile of the feeder.  The 
main feeder is defined as Zone 1 and the backup feeder as Zone 2, to facilitate the 
calculation of losses by feeder.  Per-unit voltages and angles are displayed at each feeder 
node, and the current in amperes is shown for each feeder segment.  The watts and vars 
delivered by the source is displayed for each feeder.  The total load and losses are 
tabulated for each feeder on the one line diagram.  The graphical representation of the 
feeder model can be seen in Appendix B. 
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The load flow model is solved for the base case (the main feeder supplied from its normal 
source, the backup feeder supplied from its normal source, and the tie recloser open).  
When solved, a verification of acceptable voltage along the entire feeder length is made.  
Acceptable voltage is considered to be ±5% of nominal.  Since the source end of the 
feeder is modeled as the maximum allowable voltage (1.05 per-unit), then the minimum 
acceptable voltage at the end of the feeder is 0.95 per-unit, meaning that a 10% voltage 
drop can occur along the feeder.  If a voltage drop in excess of 10% occurs along the 
feeder, the shunt capacitor can be used to correct the situation. 
 
When the base case shows satisfactory electrical performance, the contingency cases are 
studied.  For the model under consideration, two contingencies exist.  The first is for the 
backup feeder to supply its load along with the load of the second segment of the main 
feeder.  The first segment of the main feeder is supplied from its normal source.  This 
scenario represents an outage of the sectionalizing recloser on the main feeder.  The 
second contingency is for the backup feeder to supply its entire load plus the entire load 
of the main feeder.  This more severe contingency represents the failure of the main 
feeder’s normal source. 
 
During contingencies, ±10% of nominal voltage is allowed.  The second studied 
contingency produces large voltage drops since both the feeder load and the feeder length 
are twice that of the normal configuration.  Here, the shunt capacitors, which may have 
been unnecessary in the base case, are instrumental in maintaining adequate voltage.  The 
second contingency also draws considerably more reactive power from the source than 
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does the base case, so the current loading on the first feeder segment must be monitored.  
In some cases, slight overloads in the first feeder section are observed.  Overloads of up 
to 5% are considered to be acceptable, as they only exist on a very short length of the 
feeder.  In reality, after the first connected load is tapped from the main feeder, these 
overloads will no longer exist.  As voltage and/or overload violations are observed, the 
reactive configuration of the system can be adjusted to alleviate them.  Table 5 
summarizes the feeder designs analyzed as part of the Design Example later in this 
dissertation, along with the proper reactive configurations to produce acceptable voltage 
and loading values.  The losses for the base case are also noted.  The computer simulation 
results of the electrical assessment are shown in Appendix B. 
 
Table 5 – Summary of Analyzed Feeder Configurations 
 
Load Base Case Losses % MW Operating 
Voltage Conductor 
Shunt 
Capacitor MW MVAR MW MVAR Losses 
        
14.4 kV 266.8 kcmil 2400 kVAR 5.00 2.40 0.07 0.34 1.40%
14.4 kV 397.5 kcmil 3600 kVAR 6.40 3.10 0.09 0.45 1.41%
14.4 kV 556.5 kcmil 3600 kVAR 7.90 3.80 0.10 0.51 1.27%
14.4 kV 715.5 kcmil 4800 kVAR 9.20 4.50 0.12 0.61 1.30%
14.4 kV 900 kcmil 4800 kVAR 10.60 5.20 0.13 0.67 1.23%
14.4 kV 1192.5 kcmil 6000 kVAR 12.60 6.10 0.19 0.74 1.51%
24.9 kV 266.8 kcmil 1800 kVAR 8.60 4.20 0.07 0.34 0.81%
24.9 kV 397.5 kcmil 1800 kVAR 11.10 5.40 0.09 0.45 0.81%
24.9 kV 556.5 kcmil 1800 kVAR 13.70 6.60 0.11 0.55 0.80%
24.9 kV 715.5 kcmil 1800 kVAR 16.00 7.70 0.13 0.65 0.81%
24.9 kV 900 kcmil 1800 kVAR 18.40 8.90 0.15 0.75 0.82%
24.9 kV 1192.5 kcmil 1800 kVAR      
 
The process for performing the electrical assessment is shown in Fig. 12. 
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Figure 12 – Electrical Assessment 
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One last consideration must be made before proceeding to the economic assessment.  The 
load on a feeder decreases as one moves farther from the source.  The ampacity required 
in the first segments of the feeder is not required along the entire length of the feeder.  
This suggests that a smaller conductor size can be used starting at some point a given 
distance from the substation.  Doing so would reduce the cost to construct the feeder 
system. 
 
Before reducing conductor size, however, contingency switching configurations must be 
considered.  The simplest backup procedure would be to supply one feeder by connecting 
it to the end of another feeder.  This is easily accomplished by installing a normally-open 
recloser at the end of each feeder.  Closing this recloser ties the two feeders together.  
This is shown in Fig. 13. 
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Figure 13 – Feeder Backup Configuration 
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Feeder 1 can be fed from Power Ring 2 by closing the tie recloser, but this puts the two 
power rings in parallel, a condition that needs to be avoided since protective devices can 
operate in erratic ways while sources are paralleled.  Also, the short circuit current 
available on the feeder is increased on the order of 100% with paralleled sources.  The 
paralleled sources must be tolerated for a short period (seconds) during switching 
procedures to avoid interrupting service to the customers on Feeder 1.  But as soon as the 
tie switch is closed, the line disconnect switch at Power Ring 1 can be opened to re-
establish a radial system with both feeders supplied from Power Ring 2.  In practice, 
before the line disconnect switch can be opened, the current flowing through that switch 
must be interrupted.  This is accomplished by tripping both power ring circuit breakers 
adjacent to Feeder 1.  After the breakers open, then the line disconnect can be opened, 
and finally the power ring breakers can be reclosed.  While this may seem like a 
complicated procedure, it is similar to the switching procedures in use today to transfer 
sources, and if implemented using automatic equipment, can be performed within 
seconds without interrupting service to any customer (De La Ree, Elizondo, Depablos, 
and Stoupis 2002, P. 1). 
 
Referring to Fig. 13, the portion of Feeder 1 closest to the tie switch carries very little 
load under normal conditions, but during contingency conditions when Power Ring 2 
must supply Feeder 1, that portion of Feeder 1 must carry all of Feeder 1’s load.  The 
segments closer to the power ring may have to carry the load of both the main and 
backup feeders during contingencies.  This illustrates how conductor size can be reduced 
as a function of distance from the substation. 
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Some practical considerations regarding changing conductor size along the feeder need to 
be mentioned.  The use of too many different wire sizes on a feeder complicates the 
maintenance of the feeder substantially.  Many utilities use one conductor size for the 
main feeder and a second (smaller) size for laterals.  Two different wire sizes is a 
manageable situation since conductor, hardware, and tools for only two conductor sizes 
must be inventoried in the warehouses and stocked on the line trucks.  If the number of 
conductor sizes in use grows much beyond two, the logistics of maintaining a working 
inventory becomes complex. 
 
The electrical assessment process illustrated in Fig. 12 can be repeated using a smaller 
conductor size on both the main and backup feeder from the sectionalizing recloser to the 
end of the feeder.  While the smaller conductor on half of the feeder will save 
construction cost, it will increase losses and increase voltage drop.  These negative 
changes, however, are typically rather small, and are easily quantified by loadflow 
analysis. 
 
Economic Assessment 
After a set of viable feeder configurations are identified, they can be assessed from an 
economic viewpoint.  The outcome of the economic assessment will be the optimum 
feeder configuration for the set of constraints considered. 
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The first economic component to be determined is the cost of the substation to supply the 
feeder system.  As described earlier in this dissertation, the substation will be based on 
the power ring topology.  The greatest cost variable in the substation design is the cost of 
the transformers.  It is assumed for this evaluation that the subtransmission voltage 
supplying the substation is 138 kV.  The secondary voltage has a great effect on the cost 
of the transformer, as does the MVA rating.  These two parameters differ among the 
feeder configurations. 
 
The transformers should be sized such that a single transformer feeding the power ring 
could supply all feeders while operating at its maximum output, plus an assumed level of 
contingency loading, as contingencies may occur at or near the maximum loading level of 
the substation.  As an example, a 20 MVA peak loading per feeder requires 80 MVA of 
peak capacity for the four-feeder substation.  If the contingency loading is assumed to be 
that of another entire feeder, an additional 20 MVA of transformer capacity, or 100 MVA 
total, is required. 
 
The assumptions leading to this required capacity of 100 MVA are rather conservative, 
and much more conservative than the philosophies presently used by most U.S. utilities.  
Based on the shape of the load duration curve, it may be determined that the time at 
which the feeder system operates at peak load is small enough to represent a minimal 
exposure risk.  If the start of the load duration curve is sufficiently steep, perhaps a lower-
than-peak load level, say 90% of peak, can be used to determine transformer capacity.  
This assumption would reduce the required substation transformer kVA by as much as 
 59
10%, depending on the contingency capacity requirements considered.  If a contingency 
does occur at loading levels above this reduced load level, the resulting overloads could 
be remedied by shedding load.  Load shedding is a measure of last resort to alleviate an 
overload, but if the probability of having to do so is sufficiently (and acceptably) small, 
the resulting transformer sizing should be considered, as the cost reduction could be 
substantial. 
 
Allowing a level of contingency capacity equal to that of another entire feeder is also 
much more conservative than is typically found on U.S. utility systems.  This assumption, 
however, is critical for proper intelligent sectionalization of the feeder system as it is 
presented in this dissertation.  The contingency capacity requirement for the substation 
transformer could be reduced by increasing the complexity (and cost) of the 
sectionalizing equipment on the feeder system.  At first observation, the cost of additional 
transformer capacity appears to be considerably less than the additional costs incurred to 
implement a considerably more complex feeder system, but this topic should be 
thoroughly researched to ascertain that speculation. 
 
Standard power transformer designs produce units with four MVA ratings according to 
the following criteria: 
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Rating = W / X / Y / Z  MVA, 
 
where W = self-cooled (base) rating at 55°C rise, 
X = rating with one stage of forced cooling at 55°C rise, 
Y = rating with two stages of forced cooling at 55°C rise, 
Z = rating with two stages of forced cooling at 65°C rise, 
 
and X = 1.333 × W, 
Y = 1.667 × W, 
Z = 1.875 × W. 
 
To provide 80 MVA at maximum output, the transformer rating would have to be 
42.667 / 56.889 / 71.112 / 80.000  MVA. 
 
Under normal conditions, each transformer would be loaded to 40 ÷ 80.000 = 50% of its 
65°C rise rating or 40 ÷ 42.667 = 93.75% of its base rating.  While this loading may seem 
overly conservative to some engineers, the increase in transformer life and flexibility 
during contingency switching needs to be considered. 
 
While the effect of overloads decreasing transformer life is well understood, a less 
understood phenomenon is the change in useful life as a result of limiting transformer 
loading to a value less than the rated value (IEEE C57.92-1981, P. 10).  Monte Carlo 
analysis indicates that transformer failure rates will be reduced as loading is dropped 
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below the nameplate rating (Fu, McCalley, and Vittal 2001, P. 347).  This observation 
strengthens the argument to limit the loading of substation transformers to lower values 
than those commonly used throughout the industry. 
 
Once the proper transformer sizes are determined, the cost of the major substation 
equipment can be tabulated.  It is not necessary to include all costs, particularly those 
costs appearing in all substation designs, such as protection equipment, grounding, 
foundations, etc.  It is necessary to capture all costs that differ between the designs. 
 
After the substation cost is determined, the cost of the four feeders can be added.  
Estimates of feeder construction are done on a dollars per mile basis.  The design of a 
specific feeder can deviate substantially from the design which produced the average 
cost.  This could be due to geographic constraints or environmental conditions.  Such 
deviations are insignificant for estimation purposes, as all the feeder designs for that 
service area would involve similar deviations, and thus similar additional costs. 
 
Dividing the cost of the substation and the four feeders by 4l2 where l represents the 
effective service length of the feeder gives a facilities cost in dollars per square mile.  
This facilities cost is a major component of the economic assessment. 
 
As the maximum feeder service length increases, so does the distance between 
substations.  While a greater distance between substations reduces the number of 
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substations required to supply a region of given size, the cost of each substation rises due 
to the higher transformer capacity required. 
 
The feeder construction costs for each conductor type and voltage class are summarized 
in a spreadsheet.  Its template is shown in Table 6, and the assumptions made to generate 
the costs are detailed in Appendix C.  Substation transformer, circuit breaker, switch, and 
recloser costs for various kVA or current and voltage ratings are summarized in Table 7. 
 
Table 6 – Per-Mile Costs of Various Overhead Feeder Designs 
 
AAC conductor 12
.4
7 
kV
 
13
.2
 k
V 
13
.8
 k
V 
14
.4
 k
V 
22
 k
V 
24
.9
 k
V 
34
.5
 k
V 
kcmil codeword Typical Feeder Cost ($/mile) 
266.8 Laurel    40,026  
  
40,026 
  
40,026 
  
40,026 
  
47,570 
   
47,570  
   
55,114  
336.4 Tulip    44,250  
  
44,250 
  
44,250 
  
44,250 
  
52,327 
   
52,327  
   
58,800  
397.5 Canna    49,100  
  
49,100 
  
49,100 
  
49,100 
  
58,062 
   
58,062  
   
63,700  
477 Cosmos    54,540  
  
54,540 
  
54,540 
  
54,540 
  
62,084 
   
62,084  
   
69,628  
556.5 Mistletoe    62,750  
  
62,750 
  
62,750 
  
62,750 
  
71,396 
   
71,396  
   
80,250  
636 Orchid    74,420  
  
74,420 
  
74,420 
  
74,420 
  
84,675 
   
84,675  
   
96,150  
715.5 Violet    84,224  
  
84,224 
  
84,224 
  
84,224 
  
96,822 
   
96,822  
   
109,421  
795 Arbutus    95,660  
  
95,660 
  
95,660 
  
95,660 
  
109,409 
   
109,409  
   
126,945  
900 Cockscomb    108,150  
  
108,150 
  
108,150 
  
108,150 
  
123,632 
   
123,632  
   
143,890  
1033.5 Larkspur    122,760  
  
122,760 
  
122,760 
  
122,760 
  
140,322 
   
140,322  
   
163,340  
1192.5 Hawthorn    130,390  
  
130,390 
  
130,390 
  
130,390 
  
151,550 
   
151,550  
   
172,685  
1351.5 Columbine    143,773  
  
143,773 
  
143,773 
  
143,773 
  
163,915 
   
163,915  
   
184,058  
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Table 7 – Representative Equipment Costs 
 
 
Transformers Base Rating Price  Vacuum Circuit Breakers 1200A 2000A 3000A 
15-24 MVA $325,000  15.5 kV, 25 kA $16,500 $16,900 $22,500 138/14.4 kV 
27-37 MVA $375,000  15.5 kV, 40 kA $18,500 $18,900 $24,500 
    27 kV, 25 kA $19,000 $19,900 $24,000 
25-32 MVA $375,000  27 kV, 40 kA $21,500 $22,400 $26,500 
40-48 MVA $450,000      138/24.9 kV 
50-64 MVA $500,000  Breaker Disconnect Switches 1200A 2000A 3000A 
    15 kV $1,245 $1,545 $1,800 
    25 kV $2,150 $2,670 $3,050 
Reclosers V, I(rated), I(int) Price      
 15kV, 800A, 12 kA $16,500  Line Disconnect Switches 1200A 2000A 3000A 
 25kV, 800A, 12 kA $18,500  15 kV $7,185 $9,155 $9,575 
    25 kV $7,255 $9,230 $9,660 
 
 
It should be mentioned that the feeder lengths and loadings determined by this process 
are substantially greater than those currently utilized by many utilities.  This is due to 
consideration of various reliability aspects, which are decreased as feeder length and load 
increases.  This decrease in reliability on long and heavily-loaded feeders can be 
mitigated by changing the protection philosophy applied to the feeder system.  A novel 
protection concept using communication-based overcurrent detection is presented in this 
dissertation to allow the implementation of longer feeders without adversely affecting the 
reliability of the system. 
 
Consideration of Electrical Losses 
The final component of the economic assessment is the cost of the electrical losses on the 
system.  These losses consist of demand and energy losses, and occur throughout the 
system, particularly in the transformers and the primary feeder conductor.  Demand 
losses can easily be determined, as they are the kilowatt losses occurring at the time of 
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peak loading, as reported by the load flow simulation.  Energy losses are more difficult to 
determine, as loading levels vary over time.  A load duration curve can be used to 
estimate energy losses over a given period. 
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Figure 14 – Load Duration Curve 
 
Fig. 14 shows a typical load duration curve for a distribution feeder.  Based on the curve,  
an estimation of energy losses for the feeder can be determined.  This can be done by 
representing the load duration curve as a piecewise-linear model, then rescaling the 
model so that the y-axis shows kilowatts of load instead of percent of peak load.  
Applying this technique to Fig. 14 produces the piecewise-linear feeder loading model 
shown in Fig. 15. 
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Figure 15 – Piecewise Linear Feeder Loading Model 
 
Now, the model in Fig. 15 can be viewed one load level at a time, and the energy losses 
for each load level can be determined by using loadflow simulation.  The load on the 
feeder is first uniformly scaled to represent the first load level of the piecewise-linear 
model.  Then, the loadflow is solved, and the calculated demand losses are multiplied by 
the duration, in hours, for which that loading level persists, producing an average energy 
loss value for that load level.  That resulting average energy loss value is saved.  After 
each load level is analyzed in this way, the average energy losses are summed to estimate 
the total energy loss for the feeder over an entire year. 
 
But the economic assessment requires that the demand and energy losses be specified in 
dollars, not kilowatts and kilowatt-hours.  Some means of determining the financial value 
of the losses must be determined.  Many methodologies, producing widely varying 
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results, exist for determining these rates.  These methodologies include using a wholesale 
rate, replacement cost, or past investment data (Willis 1997, P. 32).  If the utility has 
excess generation capacity, a zero cost for losses may even be justified.  The most 
theoretically-sound methodology involves using marginal, or incremental, cost.  This 
method involves calculating the cost to produce one more kW of demand or one more 
kWh of energy.  While this sounds relatively simple, it is actually quite involved. 
 
The data for calculating incremental cost can be obtained from the utility’s economic 
dispatch algorithm of the automatic generation control (AGC) system.  This value 
changes continually, but monthly, seasonal, or annual averages can be determined.  These 
average values will be used to assess system losses. 
 
When the cost of the losses is determined for a year, that value must be combined with 
the facilities cost.  To put the facilities cost on an annual basis, an annual cost must be 
calculated.  This calculation requires the definition of a time period representing the life 
of the facilities, and the specification of a discount rate.  Both of these values may be 
difficult to determine, but their numeric values are not of primary importance.  The same 
numeric values are used to evaluate all configurations, and it is this commonality that is 
important.  It is common practice to use company-specified values for equipment life and 
discount rate.  The economic assessment process is summarized in Fig. 16. 
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Figure 16 – Economic Assessment 
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Impact to Reliability 
Care must be taken so that system reliability is not compromised by the increased feeder 
length proposed by this optimization method.  As the feeder length increases, more 
customers are supplied by that feeder.  The more customers supplied by a feeder, the 
more customer outage minutes will occur in the event of a feeder outage.  This effect can 
be mitigated by making changes to the protection strategy applied to the feeder.  At 
present, the protection strategy used on virtually all distribution feeders is based on 
overcurrent detection.  The circuit breaker in the substation is the first protective device 
on the feeder.  It is common to use downstream sectionalizing devices to reduce the 
number of customers impacted by a downstream fault.  As overcurrent devices are 
applied in series, the operating times of the devices must be coordinated to assure that 
one specific device operates more quickly than the other devices.  The fastest device 
provides the primary protection, and the slower devices serve in a backup capacity in the 
event the primary device fails to clear the fault. 
 
As microprocessor and communication technologies have evolved, many computerized 
protective devices capable of communicating with each other have been introduced into 
the utility industry.  It is the recommendation of this dissertation to utilize these devices 
in innovative ways to protect the distribution feeders.  Instead of adopting a conventional 
coordinated overcurrent protection scheme, a communication-based overcurrent detection 
methodology was introduced earlier in this dissertation, which not only optimizes 
reliability levels, but also minimizes circuit breaker operations, thereby decreasing 
maintenance requirements. 
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The method introduced earlier in this dissertation of automatically reconfiguring reclosers 
to isolate faults, called intelligent sectionalizing, greatly reduces customer outage minutes 
compared to traditional coordination-based fault isolation methods which typically rely 
on manual system reconfiguration.  Because of intelligent sectionalizing made possible 
by communication-based overcurrent detection, longer and larger capacity feeders than 
are currently acceptable by most U.S. utilities can be used without adversely impacting 
reliability.  The assessment of feeder reliability is addressed in Appendix F.
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Distribution System Analysis 
Assessment of Conductor Size 
The size of the conductor used in a power circuit has many implications.  It not only 
determines the ampacity of the circuit, but also defines electrical characteristics such as 
voltage drop and losses.  Proper conductor sizing is certainly of primary importance in 
the design of any power circuit.  When that power circuit is a distribution feeder of 
substantial length, the importance of proper conductor selection becomes even greater. 
 
As with most system components, temperature rise is the most significant determining 
factor for the ampacity rating of a conductor.  It is not the only factor, as conductor 
clearance (sag) may also be an important input to determining ampacity, but the operating 
temperature criteria is important to understand.  Excessive heat tends to anneal metals, 
which causes permanent deformation (stretching) of the conductor as well as a decrease 
in tensile strength.  This damage is irreversible.  Keeping the operating temperature of the 
conductor below the design maximum temperature is essential to maintain the design life 
of the circuit (Westinghouse 1964, P. 47). 
 
As the metallurgical composition of the conductor is varied, so too is its maximum 
allowable operating temperature.  The most commonly used bare distribution conductors 
are those of the AAC (all-aluminum conductor) family.  These conductors, made of
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aluminum alloy 1350-H19 wires concentrically laid, have a maximum design temperature 
of 75°C.  By using steel reinforcement or exotic alloys, the operating temperature can be 
raised significantly above 75°C, but these elevated operating temperatures come at a 
significant cost premium.  Non-AAC conductors may be desirable for special 
applications, particularly for long spans required to cross rivers or highways, but AAC 
conductors are ideal for distribution feeder use, both for economy and ease of installation.  
Although the ampacities of AAC conductors may be lower for a given wire size than for 
other conductor families, loadings approach the thermal rating only during the most 
severe contingencies.  Most of the time, conductor loadings are below 50% of the thermal 
limit. 
 
Some engineers may view this low average loading of the distribution feeder as 
underutilized equipment or excessive unused capacity.   It must be emphasized that the 
thermal wire rating is but one parameter that determines the optimal ampacity of the 
circuit.  As an extreme example, consider a 500 kV transmission line built with 2156 
kcmil ACSR (bluebird) conductor bundled 3-per-phase.  Although 2156 kcmil ACSR has 
an ampacity of 1622 amperes (at 75°C wire temperature), it would be unrealistic and 
absurd to propose a rating of 080,214,43)31622(500 =×××  kVA, or 4,214 MVA, 
for the circuit.  This is because the thermal rating is only one of several rating parameters 
for the transmission line.  Long before reaching the thermal rating of the conductor, 
conductor sag or system stability will limit the circuit’s rating.  Similarly, while thermal 
rating may be a controlling design parameter under contingency loading, it is 
insignificant when considering normal load levels.  Electrical losses are very significant 
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under normal loading, as is demonstrated by the economic assessment process.  Low 
(compared to the thermal limit) average loadings are instrumental in keeping losses 
small. 
 
Utilization of Circuit Breaker Rating 
The circuit breaker rating is insignificant as a parameter to determine the ampacity of a 
distribution feeder.  The minimum continuous current rating for medium-voltage outdoor 
distribution-class circuit breakers available today is 1200 amperes.  A feeder rating of 
1200 amperes would require prohibitively-large conductors.  To limit the conductor 
temperature to 75°C when the ambient conditions include 25°C air temperature, sea level 
elevation, a wind velocity of 2 feet per second, full sun exposure, an emissivity of 0.5, 
and a solar absorption coefficient of 0.5, an all-aluminum conductor would require a 
minimum cross-sectional area of 1351.5 kcmil to achieve an ampacity of 1200 amperes.  
At a weight in excess of 1.2 pounds per foot and a diameter of 1.34 inches, 1351.5 kcmil 
AAC would require very short span lengths and high-strength poles to meet the necessary 
structural requirements.  These design criteria make the construction of such a circuit 
prohibitively expensive when compared to the cost of a circuit utilizing smaller 
conductor, as shown in Table 6 on Page 62. 
 
Allowing conductor size to drive the feeder rating, a reasonable conductor size selection 
of 795 kcmil AAC provides an ampacity of approximately 880 amperes.  An argument 
can be made that a 1200-ampere breaker loaded to only 880 amperes (at most) is 
underutilized.  This line of reasoning can lead to poor system design.  Contingency 
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capacity must be reserved to allow for operating flexibility.  The amount of contingency 
capacity maintained on the distribution system varies from utility to utility, ranging from 
close to 50% (which allows backup of an entire comparably-sized feeder) to close to zero 
(which makes contingency switching almost impossible).  Because of the need to reserve 
capacity for contingency loading, making full use of the conductor’s thermal capacity at 
normal loading levels is not necessary, or even feasible, to assure an economical and 
efficient design. 
 
 
Main Feeder Analysis 
Let us assume that each substation has four feeders, one built in each direction of the 
compass.  Let us also assume that the substations are arranged in a rectangular grid 
pattern of uniform spacing, and that the load density is uniform.  These assumptions 
define a service area for each feeder in the shape of an isosceles right triangle, where the 
height of the triangle is the feeder length (l) and the base is 2l.  The service area for the 
east feeder is shaded in Fig. 17. 
 
Three-phase laterals, built perpendicular to the 
main feeder and constructed with a smaller 
conductor, serve the load in regions located too 
far from the main feeder to be served directly.  
Those laterals can be analyzed using the same 
methods as on the main feeder. 
Figure 17 – Layout of Main Feeder and Laterals 
 
l
2l
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Letting x denote the distance, in meters, along the feeder from the substation breaker, the 
change in current per length of feeder can be represented as 
 
 ( )xIk
dx
xdI 0)( −= , Eq. 7 
 
where I(0) is the current at the substation breaker, and –k is a constant to account for the 
linearly-distributed load along the feeder. 
 
To determine k, integrate Eq. 7. 
 
 ∫ ∫ −=l l dxxIkxdI
0 0
)0()( , Eq. 8 
which yields 
 
l
l xIkxI
0
2
0 2
)0()( −= . Eq. 9 
 
Evaluating limits, 
 
 
2
)0()0()(
2lIkIlI −=− . Eq. 10 
 
Since the current at the end of the feeder I(l) is zero, 
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2
)0()0(0
2lIkI −=− . Eq. 11 
 
Dividing through by I (0), 
 
 
2
1
2lk=  or 22lk = . Eq. 12 
 
Substituting this value of k into Eq. 7 gives 
 
 ( )xI
ldx
xdI 02)( 2−= . Eq. 13 
 
Integrating to express current as a function of distance down the feeder, 
 ( )∫∫ −= XX dxxIlxdI 0 20 0
2)( , Eq. 14 
which yields 
 
X
X
l
xIxI
0
2
2
0
)0()( −= . Eq. 15 
 
Evaluating limits, 
 2
2)0()0()(
l
XIIXI −=− . Eq. 16 
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Solving for I(X), 
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2
2
2
1)0()0()0()(
l
XI
l
XIIXI . Eq. 17 
 
The voltage drop across a differential length segment at some point along the feeder is 
the product of the current flowing through the feeder at that point, I(x), and the series 
impedance of the feeder per unit length, z. 
 
 dxzxIxdVdrop )()( = . Eq. 18 
 
Substituting the expression for I(X) and integrating to find Vdrop(X), 
 
 ⎟⎟⎠
⎞
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0 0
2
2
3
1)0()0()0()(
l
XXzIdx
l
xzIdxzIXV
X X
drop . Eq. 19 
 
The real power loss for the main feeder can be expressed as 
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 77
Integrating and evaluating limits, 
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Quantification of Main Feeder Reliability 
The reliability of a distribution system can be quantified by measuring customer outage 
minutes (COM).  COM is simply the product of the number of failures over a period of 
time, the number of customers affected by each outage, and the time required to restore 
service to the outaged customers.  On a yearly basis, the annual customer outage minutes 
(ACOM) for a distribution feeder can be expressed as 
 
 ACOM  = (number of failures per year) × Eq. 22 
(number of customers interrupted per failure) × 
(service restoration time). 
 
The first term, representing the failure rate of the feeder, is best estimated by tracking 
historical data.  An underlying assumption of this research is to work with existing 
infrastructure as opposed to a greenfield project.  This assumption is crucial to assure that 
any findings to improve system reliability can be economically and feasibly integrated 
into the present system.  Of course, any changes in equipment or technology that will 
reduce the failure rate of the feeder will proportionately reduce ACOM too. 
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The second and third terms are the number of customers affected by each interruption of 
service and the time necessary to restore service to them.  These terms are determined by 
the feeder topology, specifically how the feeder is sectionalized.  Looking at a simple 
example of a feeder with no sectionalizing, all faults on that feeder result in an outage 
that affects every customer on the feeder, and no customer’s service is restored until the 
problem causing the fault is repaired.  As sectionalizing devices are introduced to the 
feeder, each outage potentially affects fewer customers and for a shorter duration.  And 
the sectionalizing can be actuated either manually or automatically.  Automatic feeder 
sectionalization will be referred to as intelligent sectionalization, and can be achieved by 
implementing communication-based overcurrent detection.  Each type of sectionalizing 
has a significant impact on the reliability of the feeder.  These relationships are quantified 
in the next sections. 
 
Looped Feeder Reliability Without Intelligent Sectionalizing 
Consider a main feeder of length L with a single normally-closed sectionalizing device, 
such as a recloser, located at a distance m per-unit of the feeder length from the power 
ring.  The feeder terminates at a normally-open recloser that ties to a similar feeder 
supplied from another power ring, making it a looped feeder with a normally-open point 
in the loop to make it radial.  Assume that the feeder serves C customers, but the load 
density is not necessarily uniform.  A per-unit multiplier n defines the portion of the 
customers served by the first segment (the segment closer to the power ring) as nC.  The 
remaining (1–n)C  customers  are served from Segment 2 of the feeder. 
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Figure 18 – Feeder Configuration 
 
Without intelligent sectionalizing, the ACOM of the feeder is the sum of the ACOM 
values for each feeder segment, or 
 
 ACOM Fdr w/o IS = ACOM Seg 1 + ACOM Seg 2 . Eq. 23 
 
The two feeder segments experience different restoration times after a fault occurs.  
Although the entire feeder is interrupted when a fault occurs, customers on the unfaulted 
segment can be restored as quickly as the sectionalization can be performed.  Customers 
on the faulted segment, however, cannot be restored until the problem causing the fault is 
repaired.  These two times may differ by a large amount. 
 
Defining S to be the time necessary to sectionalize the faulted segment and R to be the 
time required to repair the damage causing the fault, the ACOM for the feeder can be 
expressed as 
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 ACOM Fdr w/o IS  = f m L [n C R + (1 – n) C S] Eq. 24 
 +  f (1 – m) L [(1 – n) C R + n C S] 
 
The first term represents the ACOM due to faults occurring on Segment 1, while the 
second term accounts for outage minutes due to faults occurring on Segment 2.  The 
factors of the first term outside the brackets represent the number of failures on the first 
segment.  The first term inside the brackets of the first term accounts for the outage 
minutes of the customers on Segment 1 due to faults on Segment 1, while the second 
term inside the brackets of the first term represents the outage minutes of customers on 
Segment 2 affected by a fault on Segment 1.  The second term corresponds to the same 
components for faults occurring on Segment 2. 
 
Expanding Eq. 24 and recombining terms and factoring, 
 
ACOM Fdr w/o IS   = f m L [n C R + (1 – n) C S] Eq. 25 
  +  f (1 – m) L [(1 – n) C R + n C S] 
 
 = f m L n C R + f m L C S – f m L n C S 
  +  (f L – f m L) (C R – n C R + n C S) 
 
 = f m L n C R + f m L C S – f m L n C S 
  +  f L C R – f L n C R + f L n C S 
  –  f m L C R + f m L n C R – f m L n C S 
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 = f L C (m n R + m S – m n S 
  +  R – n R + n S 
  –  m R + m n R – m n S) 
 
 = f L C [R (1 + 2 m n – m – n) + S (m – 2 m n + n)]. 
 
Looped Feeder Reliability With Intelligent Sectionalizing 
When the sectionalizing devices on the main feeder are provided with “intelligence” to 
determine how and when to operate, faulted feeder segments can be sectionalized by 
automatic device operation.  Automatic sectionalization can be done quite quickly — in 
well less than a minute.  Since one minute is the threshold for accumulating outage time, 
as defined by IEEE Std. 1366-1998, automatic sectionalization can greatly improve a 
feeder’s reliability indices.  Of course, momentary interruptions will still exist, and the 
consequences of momentary outages can be of major concern, but outage duration will be 
reduced significantly when intelligent sectionalization is implemented. 
 
Implementing intelligent sectionalization essentially reduces switching time for feeder 
reconfiguration to zero.  Adjusting Eq. 21 to reflect S = 0 yields 
 
 ACOM Fdr w/ IS = f L C [R (1 + 2 m n – m – n) + 0 (m – 2 m n + n)] Eq. 26 
 
 = f L C R (1 + 2 m n – m – n). 
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The change is annual customer outage minutes as a result of intelligent sectionalizing can 
be expressed as 
 
 Eq. 27  
 
 
 
  
 
  
 
 
 
Eq. 27 clearly shows that the improvement in annual customer outage minutes for the 
feeder is a function of repair time (R), sectionalizing time (S), and the location of the 
sectionalizing device on the feeder (which determines m and n).  The improvement in 
ACOM for the feeder due to intelligent sectionalizing in not a function of the feeder 
failure rate (f), the length of the feeder (L), or the number of customers served by the 
feeder (C), since these quantities are not changed by the addition of intelligence to the 
sectionalizing devices. 
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Design Example 
The design optimization methods proposed in this dissertation will now be demonstrated 
in an example.  A service area with a present average load density of 720 kVA per square 
mile will be considered. 
 
A good planning practice is to consider future load development in the area when 
designing the infrastructure.  Load modeling in this hypothetical example indicates 
another 7% of growth is likely before load saturation occurs.  So, the initial load density 
of 720 kVA/mi2 is multiplied by 1.07 to yield 770 kVA/mi2.   
 
A complete analysis of the design options would involve consideration of all available 
operating voltages.  The 25 kV class of equipment, shown in columns I and J of Table 3, 
has a marked advantage over the 15 kV class equipment because of the lower currents 
required at the higher voltages.  Indeed the 35 kV class shows an even larger decrease in 
current over the 15 kV class than does the 25 kV class, but along with this decrease in 
current comes a substantial increase in cost. 
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Table 8 – Comparison of 25 kV and 35 kV Equipment Costs 
 
Transformers Base Rating Price  
Vacuum Circuit 
Breakers 1200A 2000A 3000A
25-32 MVA $375,000  27 kV, 25 kA $19,000 $19,900 $24,000
40-48 MVA $450,000  27 kV, 40 kA $21,500 $22,400 $26,500138/24.9 kV 
50-64 MVA $500,000  38 kV, 25 kA $26,000 $27,500 $34,000
    38 kV, 40 kA $27,000 $29,000 $35,500
25-32 MVA $390,000     
40-48 MVA $470,000  
Breaker Disconnect 
Switches 1200A 2000A 3000A138/34.5 kV 
50-64 MVA $520,000  25 kV $2,150 $2,670 $3,050
    35 kV $3,800 $4,350 $4,700
Reclosers Vrated, Irated, Iint Price     
 25kV, 800A, 12 kA $18,500  
Line Disconnect 
Switches 1200A 2000A 3000A
 35kV, 800A, 12 kA $24,000  25 kV $7,255 $9,230 $9,660
    35 kV $11,000 $11,800 $12,350
 
 
Industry experience with 35 kV-class equipment also shows a decrease in many 
reliability categories when compared to 25 kV-class equipment.  For those reasons, this 
example will focus on the 15 kV and 25 kV equipment classes. 
 
To further reduce the number of configurations to analyze, the most optimum operating 
voltage for each voltage class will be the only voltages considered: 14.4 kV for the 15 kV 
class of equipment, and 24.9 kV for the 25 kV equipment class.  In an actual application, 
the utility’s present distribution system operating voltage would also be assessed. 
 
The set of conductors listed in Table 2 on Page 30 are the conductor sizes that will be 
considered in this example.  In an actual application, other conductor sizes presently in 
use by the utility may also be considered. 
 
 85
Following the procedure illustrated in Fig. 12, the electrical assessment is performed.  
The first conductor and operating voltage analyzed is 266.8 kcmil Laurel operating at 
14.4 kV.  Using Eq. 3, the maximum service length of this feeder is found to be 3.8 miles 
when the load density is 770 kVA/mi2. 
 
( ) ( ) ( ) ( ) miles.
mi/kVA
AkV.
densityload
IkVmsl ratedalminno 793
770
34444143
2 === . Eq. 28 
 
In order for this feeder to be able to backup another feeder of similar size, a contingency 
capacity of 50% is required.  Using Eq. 5, the effective service length is found to be 
 
( ) miles.miles.mslccesl 682793
100
50100
100
100 =−=−= . Eq. 29 
 
Based on this effective service length, Eq. 6 can be used to determine the load to be 
served by this feeder. 
 
( ) kVAmiles.mi/kvaesldensityloadloadfeeder 5530682770 222 =×=×= . Eq. 30 
 
Next, a load power factor must be assumed so that the watt and var components of the 
feeder load can be calculated.  This example assumes a load power factor of 90% 
lagging.  This leads to feeder load components of 
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kW.kVAloadreal 2977905530 =×= , and Eq. 31 
( ) kVAR.cossinkVAloadreactive 2410905530 1 =×= − . Eq. 32 
 
One-tenth of the real and reactive feeder load components are modeled at each of the ten 
nodes of the main feeder and the backup feeder.  The conductor resistance in ohms per 
mile is multiplied by the feeder length in miles to find the total feeder resistance.  The 
resistance between two adjacent feeder nodes is one-tenth of the total.  Since the 
reactance is determined by the specific geometry of the feeder design (the distance 
between each of the three conductors), a reasonable X/R ratio for a circuit of this 
operating voltage is assumed.  This value is taken to be 5.  The reactance, then, between 
two adjacent nodes is five times the resistance between those nodes. 
 
The main feeder is modeled as Zone 1 of the load flow network, and the backup feeder is 
modeled as Zone 2 to facilitate the computation of losses for each feeder.  Each 
substation bus is defined to be a swing bus with a scheduled voltage of 1.05 per-unit.  
The sectionalizing reclosers are modeled closed, and the tie recloser is modeled open.  
Appendix A shows the details of the PowerWorld model. 
 
At this point, the base case is solved.  The output is shown in Fig. 19 of Appendix B.  The 
voltage at the end of each feeder is within acceptable limits (0.9536 per-unit), and the 
current in the first segment of each feeder is well below the conductor ampacity (196 
amperes, or 44.2%).  This indicates a feasible base case. 
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Next, the most severe contingency must be analyzed.  This is when the entire main feeder 
is supplied by the backup feeder.  Opening the main breaker of the main feeder (between 
Nodes 1 and 2), and closing the tie recloser simulates this contingency.  When the model 
is solved, voltage violations are indicated from Node 19, where the voltage is 0.8881 per-
unit, to the end of the feeder, where the voltage deteriorates to 0.5264 per-unit.  The 
current in the first segment of feeder (696 amperes) is also greater that the conductor 
ampacity by 57.11%, due to the large reactive component of the current.  Both the 
voltage and overload problems can be remedied by adding shunt capacitors to the model.  
A trial-and-error approach, adding capacitance in 600 kVAR increments, leads to 
capacitor values of 2400 kVAR, one installed at Node 7 and the other at Node 16.  This 
output is shown in Fig. 20 of Appendix B. 
 
By using no more than one capacitor bank per feeder segment, the possibility of back-to-
back switching problems is eliminated.  Adding the capacitance in multiples of 600 
kVAR assures equipment availability, as 600 kVAR is a standard capacitor unit size. 
 
The next step is to model the 2400 kVAR capacitors and rerun the base case to show the 
effect of the capacitors on the voltage profile of the feeder system in its normal 
configuration.  The electrical parameters in this scenario remain within acceptable limits 
(1.0120 per-unit voltage at the end of the feeder).  Based on the analysis with the 2400 
kVAR capacitors in place, this contingency configuration is considered feasible. 
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Before proceeding to the economic assessment, an attempt would normally be made to 
reduce the conductor size between the sectionalizing recloser and the tie recloser on each 
feeder.  But this case utilizes the smallest conductor in the selection set, so reducing the 
conductor size is not a possibility. 
 
An example of reducing the conductor size downstream of the sectionalizing recloser will 
be shown now considering the 14.4 kV implementation of 1192.5 kcmil Hawthorn 
conductor.  Based on the highest currents flowing in the second segment of each feeder 
during the most severe contingency, 795 kcmil Arbutus is considered as a possibility for 
that conductor, as it is the smallest conductor with sufficient ampacity to handle the 
current during contingency loading.  First, an electrical assessment must be done to 
assure that the 795 kcmil Arbutus performs adequately from a voltage drop standpoint.  If 
not, the next larger conductor must be tested.  When the minimum acceptable conductor 
is determined, each conductor size between that minimum size and the conductor size 
used on the first feeder segment (1192.5 kcmil Hawthorn in this case) must be analyzed, 
as these calculated loss values must be assessed economically. 
 
When the 795 kcmil Arbutus is modeled between nodes 7 and 16 of the PowerWorld 
model, the base case analysis is acceptable with no shunt capacitors modeled.  But during 
the contingency case, such severe voltage drops occur that the load flow algorithm fails 
to converge with no capacitors.  The reactive power requirement of the feeder in this 
configuration is very high.  Adding shunt capacitors allows the algorithm to converge, 
but very large capacitors are required.  Banks of 7.2 MVAR must be added to each feeder 
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to bring the end-of-the-feeder voltage at Node 2 close to the acceptable range (0.8893 
per-unit) during the contingency case. 
 
Such heavy compensation is ill-advised for many reasons.  A single capacitor bank of 
such large size produces a very large voltage change when switched (6.29% in this 
example).  This magnitude of voltage change is unacceptable, as voltage-sensitive loads 
would be adversely affected.  Dividing the total capacitance into several smaller banks 
not only increases both installation and maintenance costs, but also poses the possibility 
of back-to-back switching problems if the distance between the banks is not sufficiently 
large. 
 
The next larger conductor, 900 kcmil Cockscomb, performs satisfactorily under the 
contingency case with considerably less reactive compensation.  This is a far better 
engineering solution than the heavily-compensated Arbutus conductor, so it will be 
considered a viable configuration. 
 
Now, the economic assessment can be performed.  The process outlined in Fig. 16 is 
followed for each electrically-viable design option.  This straightforward process is very 
data intensive, so computer-based analysis is advisable.  A total annual cost is calculated 
for each design option.  The constrained optimal solution is identified by the lowest total 
annual cost. 
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Conclusion 
Electric power distribution systems are made up of many components arranged into 
subsystems such as the subtransmission network, the distribution substations, and the 
primary distribution feeders.  While the subsystems can be addressed individually for 
many purposes, the planning and design of the distribution system needs to be 
approached considering the system as a whole, not on a subsystem by subsystem basis.  
This integrated design approach is a requisite for reaching optimum conditions. 
 
The distribution substation and primary feeders are two subsystems whose designs are 
highly dependent on each other.  The substation topology has a pronounced effect of the 
reliability of the system.  It also influences not only the design, but also the operation of 
the distribution feeders.  A specific ring bus configuration, termed a power ring, is 
analyzed and recommended as a superior topology for distribution substations. 
 
Since feeder operation so greatly influences the reliability of the system, special 
consideration must be made to assure a substation / primary feeder combination that 
facilitates prompt restoration of service after an outage.  Intelligent sectionalizing is 
implemented using a communication-based overcurrent detection system.  This method 
of system protection is similar to schemes used for years on transmission systems.  
Because of the proliferation of microprocessor-based protective devices in the
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distribution substation and the technical and economic improvements in fiber optic 
communications, applying sophisticated protection and automation methods on the 
distribution is not only feasible, but in many cases, economically attractive, particularly 
when the financial impacts of power outages are severe. 
 
The implementation of the innovations proposed in this work is only feasible if the 
improvements can be made in stages, on as as-needed basis.  The methods proposed can 
coexist with existing technologies.  In fact, many substations today contain elements 
recommended in this dissertation.  Many primary feeder designs are also generally 
compatible with the recommendations of this research.  By gradually upgrading the 
existing system in stages on an as-needed basis, the economics of the upgrade become 
attractive, with reasonable payback periods and affordable costs. 
 
The distribution system described in this dissertation not only meets the needs of today’s 
electric loads, but shows enough versatility to adapt to future load requirements that we 
cannot quantify today.  New technologies to enhance power quality, improve restoration 
characteristics, and raise the efficiency of the system can be integrated into the system 
design, allowing for a long useful life.  By applying an integrated optimal design method, 
the resulting distribution promises to meet the needs placed on the system today and well 
into the future. 
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Appendix A: PowerWorld Feeder Model 
 
The data shown in this appendix represents the PowerWorld feeder model used for the 
Design Example 14.4 kV operating voltage case for 266.8 kcmil Laurel conductor. 
 
Table 9 – Bus Records 
 
Number Area PU Volt Volt (kV) Angle (Deg) Load MW Load Mvar Gen MW Gen Mvar 
1 1 1.05 15.12 0   5.12 0.35 
2 1 1.04544 15.054 -0.95 0.05 0.02   
3 1 1.04123 14.994 -1.9 0.15 0.07   
4 1 1.03764 14.942 -2.82 0.25 0.12   
5 1 1.03491 14.903 -3.71 0.35 0.17   
6 1 1.03325 14.879 -4.55 0.45 0.22   
7 1 1.03287 14.873 -5.3 0.55 0.26   
8 1 1.02498 14.76 -5.87 0.65 0.31   
9 1 1.01872 14.67 -6.32 0.75 0.36   
10 1 1.01431 14.606 -6.65 0.85 0.41   
11 1 1.01199 14.573 -6.82 0.95 0.46   
12 1 0.95356 13.731 -6.68 0.95 0.46   
13 1 0.95603 13.767 -6.49 0.85 0.41   
14 1 0.96071 13.834 -6.12 0.75 0.36   
15 1 0.96736 13.93 -5.61 0.65 0.31   
16 1 0.97575 14.051 -4.97 0.55 0.26   
17 1 0.98564 14.193 -4.25 0.45 0.22   
18 1 0.99685 14.355 -3.45 0.35 0.17   
19 1 1.00913 14.532 -2.6 0.25 0.12   
20 1 1.02225 14.72 -1.73 0.15 0.07   
21 1 1.03595 14.918 -0.86 0.05 0.02   
22 1 1.05 15.12 0   5.14 3.09 
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Appendix A – (continued) 
 
Table 10 – Branch Records 
From Bus To Bus Circuit Status Xfrmr R X C 
1 2 1 Closed No 0.07215 0.36072 0 
2 3 1 Closed No 0.07215 0.36072 0 
3 4 1 Closed No 0.07215 0.36072 0 
4 5 1 Closed No 0.07215 0.36072 0 
5 6 1 Closed No 0.07215 0.36072 0 
6 7 1 Closed No 0.07215 0.36072 0 
7 8 1 Closed No 0.07215 0.36072 0 
8 9 1 Closed No 0.07215 0.36072 0 
9 10 1 Closed No 0.07215 0.36072 0 
10 11 1 Closed No 0.07215 0.36072 0 
11 12 1 Open   No 0.07215 0.36072 0 
12 13 1 Closed No 0.07215 0.36072 0 
13 14 1 Closed No 0.07215 0.36072 0 
14 15 1 Closed No 0.07215 0.36072 0 
15 16 1 Closed No 0.07215 0.36072 0 
16 17 1 Closed No 0.07215 0.36072 0 
17 18 1 Closed No 0.07215 0.36072 0 
18 19 1 Closed No 0.07215 0.36072 0 
19 20 1 Closed No 0.07215 0.36072 0 
20 21 1 Closed No 0.07215 0.36072 0 
21 22 1 Closed No 0.07215 0.36072 0 
 
 
Table 11 – Load Records 
Number ID Status MW Mvar MVA 
2 1 Closed 0.05 0.02 0.05
3 1 Closed 0.15 0.07 0.17
4 1 Closed 0.25 0.12 0.28
5 1 Closed 0.35 0.17 0.39
6 1 Closed 0.45 0.22 0.5
7 1 Closed 0.55 0.26 0.61
8 1 Closed 0.65 0.31 0.72
9 1 Closed 0.75 0.36 0.83
10 1 Closed 0.85 0.41 0.94
11 1 Closed 0.95 0.46 1.06
12 1 Closed 0.95 0.46 1.06
13 1 Closed 0.85 0.41 0.94
14 1 Closed 0.75 0.36 0.83
15 1 Closed 0.65 0.31 0.72
16 1 Closed 0.55 0.26 0.61
17 1 Closed 0.45 0.22 0.5
18 1 Closed 0.35 0.17 0.39
19 1 Closed 0.25 0.12 0.28
20 1 Closed 0.15 0.07 0.17
21 1 Closed 0.05 0.02 0.05
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 Appendix B: Design Example Output 
 
The figures in this appendix show the oneline diagrams generated by the PowerWorld 
software depicting the results of each base case and contingency case simulation.  The 
voltage magnitude and angle at each node is displayed.  Also shown is the ampere 
loading in each feeder segment and the load at each node in megawatts and megavars.  
Open sectionalizing devices are shown as hollow squares, and closed sectionalizing 
devices are shown as filled squares. 
 
Below the oneline diagram in each figure is a section of tabular output recapping the 
nominal operating voltage, conductor size, and length of both the main feeder and the 
backup feeder.  Also tabulated are the total feeder load and the total feeder losses, in both 
megawatts and megavars. 
 101
Appendix B – (continued) 
Fi
gu
re
 1
9 
– 
26
6.
8 
kc
m
il 
La
ur
el
 @
 1
4.
4 
kV
 B
as
e 
C
as
e 
 102
Appendix B – (continued) 
Fi
gu
re
 2
0 
– 
26
6.
8 
kc
m
il 
La
ur
el
 @
 1
4.
4 
kV
 C
on
tin
ge
nc
y 
C
as
e 
 103
Appendix B – (continued) 
Fi
gu
re
 2
1 
– 
39
7.
5 
kc
m
il 
C
an
na
 @
 1
4.
4 
kV
 B
as
e 
C
as
e 
 104
Appendix B – (continued) 
Fi
gu
re
 2
2 
– 
39
7.
5 
kc
m
il 
C
an
na
 @
 1
4.
4 
kV
 C
on
tin
ge
nc
y 
C
as
e 
 105
Appendix B – (continued) 
Fi
gu
re
 2
3 
– 
55
6.
5 
kc
m
il 
M
is
tle
to
e 
@
 1
4.
4 
kV
 B
as
e 
C
as
e 
 106
Appendix B – (continued) 
Fi
gu
re
 2
4 
– 
 5
56
.5
 k
cm
il 
M
is
tle
to
e 
@
 1
4.
4 
kV
 C
on
tin
ge
nc
y 
C
as
e 
 107
Appendix B – (continued) 
Fi
gu
re
 2
5 
– 
71
5.
5 
kc
m
il 
V
io
le
t @
 1
4.
4 
kV
  B
as
e 
C
as
e 
 108
Appendix B – (continued) 
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Fi
gu
re
 3
5 
– 
55
6.
5 
kc
m
il 
M
is
tle
to
e 
@
 2
4.
9 
kV
 B
as
e 
C
as
e 
 118
Appendix B – (continued) 
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Appendix B – (continued) 
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Appendix B – (continued) 
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Appendix B – (continued) 
Fi
gu
re
 4
1 
– 
11
92
.5
 k
cm
il 
H
aw
th
or
n 
@
 2
4.
9 
kV
 B
as
e 
C
as
e 
 124
Appendix B – (continued) 
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Appendix C: Feeder Cost Estimate Assumptions and Methodology 
 
A typical construction cost per mile was required for each conductor size and voltage 
rating considered in this dissertation.  In actual cases, construction costs can vary 
significantly for the same conductor size and voltage rating due to other factors.  These 
factors include routing considerations, overhead and underground obstructions, 
restrictions on span length or right-of-way width, and whether the distribution feeder is 
built as a separate linear facility or underbuilt on transmission line structures. 
 
Although a detailed cost estimate is required to determine the construction cost for a 
specific distribution feeder, a typical cost per mile can be developed by making some 
reasonable assumptions.  Such estimates work well for assessment purposes, since the 
same nonstandard conditions that would force the actual construction cost for one 
specific design to deviate substantially from the typical would exist for all design 
variations.  A sound comparison between options can still be made using the typical cost 
per mile values. 
 
For the purposes of developing overhead feeder construction costs for this dissertation, 
the following method was used.  A detailed cost estimate was done for a feeder built with 
336.4 kcmil Tulip phase conductors and a 2/0 AWG neutral at 13.2 kV.  Uniform span 
lengths of 175 feet were used, and two deadend poles (to simulate two 90 degree turns) 
were included in the design.  That cost was tabulated in Table 6.  Then, a differential 
costing  process  was  applied   to  generate   typical  costs   for  the  other  configurations.   
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Appendix C – (continued) 
Changes in wire sizes produced a differential cost for the conductor.  As pole strength 
needed to be increased, a larger pole cost was utilized. 
 
Typical cost estimates for underground construction originated from a detailed design 
based on three 1000 kcmil copper conductor 15 kV cables utilizing a one-third sized 
concentric neutral.  Nine 600-foot pulls were made through concrete-encased PVC 
conduit utilizing eight pullboxes, and two cable terminations per mile were included. 
 
Although a more precise cost could be developed for the other design options by 
performing a detailed design for each, such precision is unwarranted.  This is because the 
underlying assumptions of 175-foot spans and two deadends per mile are likely to cause 
more of a deviation between the estimated and actual costs than the relatively small error 
introduced by the differential costing method.  Differential costing is a quick, simple, and 
practical means of generating typical cost data.  Such methods are essential to keep the 
complexity of a design method to a manageable level. 
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Appendix D: Estimation of Energy Losses 
 
Energy losses on a power system can be determined on a real-time basis by determining 
the instantaneous power (demand) loss and integrating this value over time.  This 
approach, unfortunately, cannot be implemented with load flow software as used in 
planning environments.  Energy losses, however, can be estimated reasonably well 
provided that some fairly detailed load data are available. 
 
Since energy losses are proportional to the square of the current, and the current flowing 
in any part of a power distribution system continually varies in magnitude, some 
approximation of average loading must be made.  This can be done by obtaining 
historical loading data for a portion of the system, as is shown in Fig. 43.  This data is 
typically available for existing feeders on an hourly basis.  Data for undeveloped service 
areas can be estimated using data from similar developed areas. 
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Figure 43 – Hourly Feeder Loading Data 
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Appendix D – (continued) 
After hourly loading data is obtained, it can be sorted in descending order and graphed.  
Scaling the x-axis as percent of time instead of hours and normalizing the y-axis as a 
percentage of maximum feeder peak load produces a load duration curve, as shown in 
Fig. 44. 
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Figure 44 – Load Duration Curve 
 
All feeder load duration curves share some similarities.  The first portion of the curve 
falls away from 100% very steeply, since peak loading on a feeder typically occurs for a 
very short period of time.  After the slope decreases, a fairly linear segment occurs.  The 
steep  slope  at  the  beginning of the curve  illustrates that the highest feeder loadings last 
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Appendix D – (continued) 
for short periods, suggesting that the distribution system can be designed to handle peak 
loads slightly less than the actual peak loads and perform satisfactorily a very high 
percentage of the time.  By exploiting this characteristic of the load duration curve, 
substantial cost savings may be realized.  Perhaps the feeder design would be no different 
that that which would be developed for the 100% peak case, but the timing of the feeder 
construction may be delayed for some time period, resulting in savings due to deferral of 
expenditure. 
 
Energy losses can be estimated by remodeling the load duration curve as a piecewise 
linear approximation.  This can be done using various increment sizes.  Fig. 45 illustrates 
the principle using 5% increments.  Each rectangular region represents energy, so 
rescaling the feeder loading to match the height of the rectangle, then resolving the load 
flow model will determine the demand losses at that average load level.  Multiplying that 
demand loss by the number of hours at which the feeder operates at that load level is a 
good estimate of the energy loss during that period.  Repeating this process for each 
rectangle, then summing the energy losses will approximate the energy losses for a year.  
This annual energy loss figure is a required value in the economic assessment of the 
system design. 
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Appendix E: Implementation of Communication-Based Overcurrent Detection 
 
Consider a radial feeder divided into two segments by a normally-closed sectionalizing 
recloser, and backed up to another feeder with a normally-open recloser. 
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Feeder
R
N.O.
Backup
Source
 
 
Figure 46 – Radial Feeder with One Sectionalizing Recloser and Backup Recloser 
 
The flowcharts in Figs. 48 and 49 detail the logic needed to implement a communication-
based overcurrent detection scheme on the feeder as shown in Fig. 46 at the power ring 
and at the sectionalizing recloser, respectively.  As additional sectionalizing reclosers are 
added, as in Fig. 47, the logic for the power ring breaker remains the same, except for 
additional blocking signal inputs (one from each downstream recloser).  The logic for the 
downstream-most recloser remains as shown in Fig. 49, except that references to “Seg. 2” 
become “Seg. n.”  The upstream reclosers adopt a logic scheme as shown in Fig. 50. 
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Figure 47 – Radial Feeder with n Sectionalizing Reclosers and Backup Recloser 
 
 
 
 
 132
Appendix E – (continued) 
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Figure 48 – Power Ring Logic for Communication-Based Overcurrent Detection 
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Figure 49 – Single Sectionalizing Recloser Logic for Communication-Based Overcurrent Detection 
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Figure 50 – Sectionalizing Recloser 1 through n–1 Logic for Communication-Based Overcurrent Detection 
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Appendix F: Assessment of Reliability with Intelligent Sectionalizing 
 
The concept of intelligent sectionalizing is to use sectionalizing reclosers capable of 
communicating amongst themselves to efficiently isolate faults that occur on the 
distribution system.  The basic concept is illustrated in this dissertation using a single 
sectionalizing recloser located at a distance m per-unit of feeder length from the power 
ring.  The reliability provided by this sectionalizing recloser is quantified. 
 
As more sectionalizing reclosers are added to the feeder, the total customer outage 
minutes experienced by the customers on the feeder will diminish, as more customers 
will experience either no interruption of service at all, or an amount quantified by 
sectionalizing time (seconds) instead of the time required to physically repair the problem 
that caused the fault (typically hours or even longer).  This substantial improvement in 
reliability is offset by an increased total cost for the distribution feeder, including both 
capital cost (to purchase and install the additional sectionalizing reclosers) and 
maintenance cost (to keep the additional reclosers in proper operating condition). 
 
When locating sectionalizing reclosers along the primary feeder, it is logical to 
sectionalize equal amounts of load.  If the load distribution assumptions made in this 
dissertation are applied (uniformly-distributed load in a service area described by Fig. 11 
on P. 46), the sectionalizing reclosers can be optimally located as shown in Eq. 33. 
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L
N
Nk
d N|k =  Eq. 33 
 where dk|N = the distance from the power ring to the kth of N sectionalizing 
reclosers 
  L = total feeder length 
 
Fig. 51 shows a primary feeder divided into N+1 segments by N  sectionalizing reclosers. 
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Figure 51 – Primary Feeder Sectionalized by N  Reclosers 
 
Table 12 shows the outage duration resulting on each segment for a permanent fault 
occurring at various points on the feeder. 
 
Table 12 – Resulting Outage Durations for Various Permanent Faults 
 
  Permanent Fault on Segment # 
  1 2 3 … n–1 n 
1 R – – ... – – 
2 S R – ... – – 
3 S S R ... – – 
… ... ... ... ... ... ... 
n–2 S S S ... – – 
n–1 S S S ... R – 
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n S S S ... S R 
Legend 
R = Repair time 
S = Sectionalization Time 
– = No Outage Time
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